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A b stra c t
N e g a tiv e  muons produced  in  th e  muon ch annel a t  th e  Space R ad ia­
t io n  E f f e c t s  L ab oratory  (SREL) v e r e  brought t o  r e s t  in  an ^ 0  (H^O) t a r g e t .  
The d e - e x c i t a t io n  y -r a y s  e m itte d  f o l lo w in g  muon ca p tu re  to  e x c i t e d  s t a t e s  
in  were o b serv ed  w ith  v a r io u s  s o l i d  s t a t e  d e t e c to r s  and under d i f f e r ­
en t ex p e r im en ta l c o n d i t io n s .  P a r t ia l  muon ca p tu re  r a t e s  t o  th e  e x c i t e d  
_  —
1 and 0 s t a t e s  in  N w ere m easured d i r e c t l y .  The p a r t i a l  muon c a p tu r e
r a te  to  th e  2 ground s t a t e  was determ in ed  from a m easurem ent o f  th e  t o t a l
_
cap tu re  r a te  to  a l l  bound N l e v e l s . An upper l i m i t  on th e  3 s t a t e  was 
a ls o  d eterm in ed . T hese m easurem ents y ie ld e d  th e  f o l lo w in g  c a p tu re  r a t e s :
X1 = (1 .3 1  + 0 . 1 0 ) x  103/ s e c
X° = (1 .5 6  + 0 . 1 7 ) x  103/ s e c
X2 = ( 8 .0 2  + 0 . 6I+) X  1 0 3/ s e c
X3 < .09  x  1 0 3/ s e c
XTQT = ( 1 0 .9  + 1 . 3 )  x  1 0 3/ s e c
T hese r e s u l t s  are compared t o  th e  t h e o r e t i c a l  p r e d ic t io n s  o f
1 2 F u j u  e t  a l . ,  and a ls o  t o  th o s e  o f  D o n n e lly  and W alecka. In  a d d i t io n ,
l i m i t s  on th e  v a lu e  o f  th e  in d u ced  p s e u d o s c a la r  c o u p lin g  c o n s ta n t  have
been o b ta in e d  from a m easurem ent o f  th e  p a r t ia l  muon ca p tu re  r a te  t o  th e
0 s t a t e ,  assum ing th e  random phase approxim ation  as a n u c le a r  m od el.
v
I .  I n tr o d u c tio n
When a n e g a t iv e  muon p a s s e s  th rou gh  m a tter  i t  i s  slow ed  down 
by c o l l i s i o n s  w ith  atom ic e le c t r o n s  u n t i l  i t  has rea ch ed  th erm al v e l o c i ­
t i e s .  The muon i s  th en  a to m ic a lly  ca p tu red  in t o  a s t a t e  w ith  h ig h  p r in ­
c ip a l  quantum number. Subsequent t o  atom ic ca p tu re  th e  muon ( v ia  e l e c t r o ­
m agn etic  t r a n s i t i o n s )  c a sca d es  u n t i l  i t  has reach ed  th e  ground s t a t e .
W hile in  o r b i t s  o f  h ig h  p r in c ip a l  quantum number, th e  muon l o s e s  energy  
p r im a r ily  v i a  e i t h e r  in t e r n a l  or e x te r n a l  Auger t r a n s i t i o n s .  However, 
as th e  muon r e a ch es  th e  lo w er  atom ic l e v e l s ,  r a d ia t iv e  t r a n s i t i o n  prob­
a b i l i t i e s  com pete w ith  and e v e n tu a l ly  e x c e e d  th e  Auger t r a n s i t io n  p ro b -
-9a b i l i t i e s .  The e n t ir e  ca sca d e  p r o c e ss  ta k e s  p la c e  in  l e s s  than  10 s e c .
33S in c e  th e  f r e e  muon decay l i f e  t im e  i s  2 .2  y s e c ,  a l l  a tom i­
c a l l y  can tu red  muons rea ch  th e  I s  s t a t e  where th e y  a r e  e i t h e r  absorbed  
by th e  n u c le u s  or  d ecay .
T h is paper i s  con cern ed  e x c lu s i v e ly  w ith  t h e  p r o c e ss  o f  ab sorp ­
t i o n  o f  muons by ^ 0  le a d in g  t o  a l l  bound s t a t e s  o f  "*’^N, whose ground  
s t a t e  su b se q u e n tly  3 d ecays by th e  p r o c e ss
16 16 *  -  N -> W + e + Ve
I
l 6 0 + y
F igu re  1 i s  a diagram  o f  th e  en ergy  l e v e l s  o f  ^ N .  As shown, 
each  o f  th e  p a r t ia l  ca p tu re  r a t e s  to  th e  1 , 0 and 2 s t a t e s  in  N can
1
2be u n iq u e ly  d eterm in ed  by a m easurem ent o f  th e  y i e l d  o f  th e  co rresp o n d in g  
y  r a y s .  Of p a r t ic u la r  i n t e r e s t  i s  th e  p a r t ia l  ca p tu re  r a te  t o  th e  0" 
s t a t e ,  a t r a n s i t i o n  w hich i s  s tr o n g ly  dependent on t h e  in d u ced  p seu d o­
s c a la r  c o u p lin g  c o n s ta n t ,  and can th u s  be used  as a d e te r m in a tio n  o f  i t s  
v a lu e .
I I . Theory
I t  i s  c u r r e n t ly  supp osed  t h a t  t h e  weak in t e r a c t io n  H am ilton ian  
can he w r it t e n  in  th e  form
H = -  —  /  j t  ( r )  G ( r ,r ' )  J , ( r ' ) drdr' 
v^ 2 A A
where G i s  th e  weak in t e r a c t io n  c o u p lin g  c o n s ta n t ,  ( r )  i s  th e  t o t a l
weak c u r r e n t , and G ( r ,r ' )  i s  th e  p ro p a g a to r  o f  th e  m a ss iv e  "boson W. The
3
m ass o f  th e  W p a r t i c l e ,  i f  i t  e x i s t s ,  i s  g r e a te r  than 2 GeV. S in c e  th e  
range o f  a fo r c e  i s  m easured by th e  Compton w a velen g th  o f  th e  p a r t i c l e  
w hich m e d ia te s  i t ,  th e  in t e r a c t io n  can be ta k en  as a p o in t  in t e r a c t io n  
fo r  th e  range o f  e n e r g ie s  o f  con cern  h e r e  so  th a t
G ( r , r ' ) = 5 ( r - r ')
and t h e r e fo r e
H  -----   !  J , J ,  dr .
S i  x x
I f  th e  in t e r a c t io n  i s  p u r e ly  l e p t o n ic  in  n a tu re  ( e . g .  muon d e c a y ) ,  
th en  i s  known, and r e l a t i v e l y  s im n le . However in  th e  c a se  o f  muon 
c a p tu re  by com plex n u c le i  th e  form o f  i s  more c o m p lic a te d . O ne's know­
le d g e  o f  i s  l im it e d  b eca u se  o f  t h e  p r e se n c e  o f  th e  s t r o n g ly  in t e r a c t in g  
h a d r o n s .
3
hA d e s c r ip t io n  w i l l  be g iv e n  o f  two r e c e n t  m ethods u sed  t o  c a lc u -
l a t e  t h e  p a r t i a l  muon cap tu re  r a te s  in  0 le a d in g  to  bound s t a t e s  in  N.
The f i r s t  m ethod d e sc r ib e d  w i l l  be th a t  u sed  by F u j i i  e t  a l . A E a r l ie r
t h e o r e t i c a l  c a lc u la t io n s  are  a v a i la b le  th rou gh  r e fe r e n c e s  3 5 -^ 0 , and some
37s p e c i f i c  comments w i l l  a ls o  be made about Rho-M igdal th e o r y . Here
= J ^ ( le p t o n ic )  + (h a d r o n ic )
< v l^(leptonic) |y> = u yA (l + y5) u
<m| JA. (hadronic) lp> = u {fnyA + f.cr.. < + if.K..' A  1 n l '  2 Ap p 3 A
+ + w p 1 y5}  up
2
The functions f and g are invariant form factors which deoend on K with
P
p^ = (pp -  np>/* " V *
where p and n are the four momenta of the proton and neutron involved 
P P
and
aXp - 5T (V p  - Yp V
Therefore the term relevant for the semi-leptonic interaction is
G t
H = - —  / (hadronic) J. (leptonic) 
v?2 X A
If we define
\ = \ (l + Y5) (1 - a.O) X*1/2
5- 1 / 2
where X 1S th e  sp in o r  o f  th e  n e u tr in o  and
b = i  (u  y.W )\  y'A v
th en  th e  H am ilton ian  can be w r it t e n  as 
A ik  * r
H = -  — I  e  ^ ( t ) { - i f  b f  + i f  a - ( b  x k ) -  g b+- a
/ 2  j=l - j j.
+ [ f 1 (--Rk-b+ + 2b+ -p -  r h a - (k  x b + ))  + i g  a .(--* ikbj + 2bJ p)
+ Jhg2 ( a - k )  ( b ^ ) ] } < 5  (r  -  r  ) 
where
T = ^  ^  -  iT g ) and x |n> = 0 ,  x |p> = |n>
I f  |a>  and |8>  are th e  i n i t i a l  and f i n a l  s t a t e s  r e s p e c t iv e l y ,  we can
Q
w r ite  th e  t r a n s i t i o n  r a te  as 
.2Vw = i r  I V L a T T T  „ £  / f f  f |Gv l 2l <S | i | c >l
2-rm c P AV i  M.Ml  f
+ |GA |2 |<B|a|a>|2 + 2RE(G^G*)|v-<B|a|a>|2}
where l^ y l^ y  avera Se o f  th e  muon wave fu n c t io n  ov er  th e  n u c le a r
volum e. The c o u p lin g  c o n s ta n ts  are
Gv -  « i (1 +
v f
ga ■ G[®i + m s  fi + T T  1
6M \) V fP
GP = °^2Mc S^1 “ -ft " 2Mc f l  "
To o b ta in  th e  r a t e ,  th e  m u lt ip o le  ex p a n sio n  i s  made fo r  th e  ma­
t r i x  e le m e n ts  and a n u c le a r  m odel i s  assumed to  o b ta in  e x p r e s s io n s  fo r  
|a> and |6 > . The two m odels c o n s id e r e d  are o b ta in e d  by th e  Tamm-Dancoff
A pproxim ation  (TDA)^’  ^ and th e  Random Phase A pproxim ation  (R P A ).^ ’  ^ A
d e s c r ip t io n  o f  each  m odel i s  g iv e n  in  t h e  A ppendix.
When w r it t e n  in  term s o f  th e  m u lt ip o le  o p e r a to r s ,  th e  r a te  
assum es t h e  form'*
2 2 i 00 /\
w = *sr svr [TS0 l<e||Mj (v> - V^IM2
1 J=0
-  MAG „ EL 
+ Z | < 8 | |T  (v ) -  T (v ) | |a > |  ]
J>1 J J
where M ( v ) ,  L ( v ) ,  T ( v ) EL and T ( v ) ^ G are th e  c h a r g e , l o n g i t u d in a l ,  
J J J J
th e  t r a n v e r s e  e l e c t r i c  and th e  m agn etic  m u lt ip o le s  o f  th e  c u r r e n t , r e ­
s p e c t i v e l y .
The d i f f e r e n c e  betw een  th e  m ethods o f  c a lc u la t in g  th e  r a te  as
1 2 g iv e n  by F u j i i  e t  a l . and t h a t  g iv en  by D o n n e lly  and W alecka i s  found
in  t h e  approach fo r  c a lc u la t in g  th e  a p p ro p r ia te  m u lt ip o le  m om ents. F u j i i
e t  a l .~^  assume a n u c le a r  m odel and do a d ir e c t  c a lc u la t io n  to  o b ta in  th e
m u lt ip o le  m a tr ix  e le m e n ts . The approach o f  D o n n e lly  and W alecka makes u se
o f  e x p e r im e n ta l i n e l a s t i c  e le c t r o n  s c a t t e r in g  ( e , e ' )  and i s  a t  l e a s t  p a r -
U
t i a l l y  m odel in d e p e n d e n t. We can expand any m u lt ip o le  m a tr ix  e lem en t as
< 8 | |T  | |a >  = Z < a ||T  | |b >  (ab )  
ab
/N A
where T can r e p r e s e n t  any m u lt ip o le  o p e r a to r , < a ||T  m||b >  are th e  s in g le  <J -I J X
p a r t i c l e  m a tr ix  e le m en ts  o f  t h i s  same o p e r a to r  and X-rm (ah) are n u m erica l0 x
c o e f f i c i e n t s  o f  t h e s e  s in g le  p a r t i c l e  m a tr ix  e le m e n ts . I f  th e  s e t  o f  c o e f -
f i c i e n t s  x Tm (ab ) c o u ld  be d eterm in ed  th en  a d e t a i l e d  know ledge o f  th e  
J X
n u c le a r  s t a t e s  |a>  and |0>  w ould n o t have t o  be known. Both th e  l e f t  hand
s id e  o f  eq u a tio n  ( l )  and th e  s i n g l e  p a r t i c l e  m a tr ix  e lem en ts  a re  v e r y  d e -  
2
pendent on q . T h ere fo re  s in c e  t h e  charge and c u r r en t m u lt ip o le s  in  e l e c -
5
tr o n  s c a t t e r in g  can a lw ays be s e p a r a te d  by a R osen b lu th  p l o t ,  th e  s e t  o f
c o e f f i c i e n t s  Xjrp (ab ) can be d eterm in ed  by a d e t a i l e d  f i t  t o  th e  i n e l a s t i c
6 *7 8form f a c t o r s .  The ( e , e ' )  d a ta , ’ 5 how ever, are  n ot a t  p r e s e n t  s u f f i ­
c i e n t l y  a c c u r a te  to  ca r ry  o u t t h i s  p roced u re  f u l l y .  I n s te a d  th e  p a r t i c l e -  
h o le  s t a t e s  in  th e  TDA and RPA w ere u sed  as s t a r t in g  p o in t s  to  c a lc u la t e  
a v a lu e  f o r  th e  m u lt ip o le  m a tr ix  e le m e n ts . The am p litu d e from t h e s e  m odel 
v a lu e s  were a l t e r e d  in  two ways: ( l )  by in c lu d in g  an o v e r a l l  r e d u c tio n
f a c t o r  £ fo r  a l l  s t a t e s  c o n s id e r e d  and (2 )  by a llo w in g  th e  in d iv id u a l  
a m p litu d es  Xjrp (ab) t o  vary  up t o  10% from t h i s  o v e r a l l  reduced  a m p litu d e .  
The f a c t o r  £ i s  in c lu d e d  t o  in s u r e  th e  p rop er  n o r m a liz a t io n  to  th e  d a ta  i s  
m a in ta in e d . To a llo w  f o r  a 10% v a r ia t io n  in  th e  in d iv id u a l  a m p litu d es a
fu r th e r  f a c t o r  a i s  a s s o c ia t e d  w ith  each  Xym ( &b ) i*1 o r d er  to  y i e l d  a
J X
s a t i s f a c t o r y  f i t  to  th e  d a ta . I t  has b een  em p hasized  by D o n n elly  and 
W alecka th a t  h av in g  a l t e r e d  t h e  a m p litu d es  w ith  th e  r e d u c tio n  f a c t o r  ^  we 
a re  no lo n g e r  u s in g  TDA or RPA b ut are  in  p r in c ip l e  in d u c in g  many -  p a r t i c l e  
many -  h o le  com ponents o f  th e  wave fu n c t io n  n ot in c lu d e d  in  t h e s e  a p p ro x i­
m a tio n s .
I t  shou ld  b e  n o te d  t h a t  th e  ab ove-m en tion ed  m ethods o f  c a lc u la ­
t i n g  r a t e s  r e p r e s e n t  tw o extrem e a p p ro a ch es . The RPA and TDA wave fu n c t io n s
8are t h e o r e t i c a l  c a lc u la t io n s  o f  th e  wave fu n c tio n  and in v o lv e  e x p e r im e n ta l  
in fo r m a tio n  w hich i s  r a th e r  rem ote t o  th e  wave fu n c t io n  i t s e l f  ( i . e .  th e  
two n u c leo n  p o t e n t i a l  as o b ta in e d  from  s c a t t e r in g  e x p e r im e n ts ) .  The ap­
proach o f  D o n n e lly  and W alecka, how ever, u se s  a r e l a t i v e l y  h ig h  p r o p o r tio n  
o f  e x p e r im e n ta l in p u t . In d eed , one can say  th a t  t h i s  approach a ttem p ts  
to  m easure t h e  wave fu n c t io n  d i r e c t l y  by u s in g  th e  e le c t r o n  s c a t t e r in g  e x ­
p e r im e n ta l r e s u l t s .  Many o th e r  t h e o r e t i c a l  c a lc u la t io n s  have b een  made
which include various types and amounts of experimental input. Notable
37among t h e s e  t h e o r i e s  i s  R ho's u se  o f  th e  M igdal Theory to  c a lc u l a t e  more 
a c c u r a te  wave f u n c t io n s  th an  th o s e  u sed  in  RPA. H ere, a c o r r e c t io n  i s  made 
fo r  th e  in t e r a c t io n  o f  th e  s in g le  n u c leo n  under c o n s id e r a t io n  w ith  th e  
r e s t  o f  th e  n u c le u s  ta k en  as a w h o le . T h is in t e r a c t io n  i s  t r e a t e d  as th e  
i n t e r a c t io n  o f  a s in g le  p a r t i c l e  w ith  a Fermi gas o f  p a r t i c l e s .  The i n t e r ­
a c t io n  i s  p a r a m a te r iz e d  in  term s o f  e ig h t  c o n s ta n ts  w h ich  are d eterm in ed  
from exp er im en t ( e . g .  m a g n etic  moment, e le c tr o n  s c a t t e r in g  c r o s s - s e c t i o n ,  
e t c . )  I t  i s  a l s o  assum ed t h a t  th e  c o n s ta n ts  are th e  same from n u c le u s  to  
n u c le u s ,  w h ich  would be tr u e  o f  a p e r f e c t  Fermi g a s .  Once th e  in t e r a c t io n  
i s  known, th e  n u c le a r  wave f u n c t io n  can be c a lc u la t e d .
H owever, in  s p i t e  o f  t h i s  improvement in  th e  wave f u n c t io n  u sed
37to  c a lc u la t e  th e  p a r t i a l  ca p tu re  r a t e s ,  th e  r a te s  c a lc u la t e d  by Rho are  
s im i la r  in  m agnitude t o  t h o s e  g e n e r a te d  by th e  l e s s  s o p h i s t i c a t e d  RPA 
approach. In  S e c t io n  IX th e  r e s u l t s  o f  th e  D on n elly -W aleck a  and F u j i i  
e t  a l . c a lc u la t io n s  a r e  compared w ith  p r e s e n t  and p r e v io u s  e x p e r im e n ta l  
r e s u l t s  and l i m i t s  on t h e  v a lu e  o f  Gp/G^ are o b ta in e d  u s in g  RPA as a 
n u c le a r  m odel in  F ig .  15*
I I I .  D e s c r ip t io n  o f  th e  E xperim ent
A. A pparatus
1 . G en eral Arrangement
The d a ta  were o b ta in e d  d u r in g  two runs a t  th e  Space R a d ia tio n  
E f f e c t s  L ab oratory  in  Newport News, V ir g in ia .  The f i r s t  run occu rred  
d u rin g  J u n e , 1971 . The e x p e r im en ta l arrangem ent i s  shown in  F ig .  2 .  
C ounters 1 and 2 were c o n s tr u c te d  w ith  12" x  12" x l / k "  p l a s t i c  s c i n t i l ­
l a t o r s  ( P i l o t  B ) . Counter 3 ,  th e  t a r g e t  d e f in in g  c o u n te r , had an 8" x 
8" x 1 /8 "  p l a s t i c  s c i n t i l l a t o r .  C ounter th e  a n t i - c o u n t e r ,  was a ls o  
c o n s tr u c te d  w ith  a 12" x  12" x l / V  p l a s t i c  s c i n t i l l a t o r  and co u n ter  5 
w ith  2" x 2" x 1 /8 "  p l a s t i c  s c i n t i l l a t o r .  A l l  f i v e  s c i n t i l l a n t s  were 
o p t i c a l l y  c o u p led  to  p h o to m u lt ip lie r  tu b e s  (Amperex 56 AVP) by L u c ite  
l i g h t  p ip e s .  The p a ssa g e  o f  a charged  p a r t i c l e  th rou gh  such  a cou n ter  
produced a f a s t  p u ls e  w hich i n  tu rn  t r ig g e r e d  a l o g i c  u n i t .
The H^O t a r g e t  h o ld e r  was in  th e  shape o f  a  p a r a l le le p ip e d  in ­
c l in e d  a t an a n g le  o f  30° to  th e  h o r iz o n t a l .  The h o ld e r  was c o n s tr u c te d  
from  1 /1 6 "  L u c ite  s h e e t ,  and had in s id e  d im en sio n s o f  8" x  8" x l " . The 
H^O t a r g e t  and h o ld e r  were p la c e d  betw een  c o u n te r s  3 and k as shown in  
F ig .  2 . Thus a beam p a r t i c l e  w hich  sto p p ed  in  th e  t a r g e t  w ould g e n e r a te  
a 123? s ig n a l .
The secon d  run occu rred  d u r in g  J u n e , 1 9 7 2 . The e x p er im en ta l a r ­
rangem ent fo r  t h i s  run was s im i la r  t o  th a t  o f  th e  f i r s t  ru n , b u t in  th e
9
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secon d  run th e  t a r g e t  was in c l in e d  a t  an a n g le  o f  U50 w ith  r e s p e c t  to  th e  
h o r iz o n t a l .
C ounters 1 and 2 were o p era ted  w ith  s e p a r a te  power s u p p lie s  to  
th e  l a s t  two d yn od es. T h is p e r m itte d  th e  tu b e  b a s e s  to  p a ss  th e  h ig h  cu r­
r e n ts  produced by la r g e  in s ta n ta n e o u s  beam r a t e s .  In  s p i t e  o f  t h e s e  mea­
s u r e s ,  c o u n te rs  1 and 2 w ere s a tu r a te d  d u rin g  th e  f i r s t  750 y s e c  b u r s t  o f  
th e  e ig h te e n  m sec beam s p i l l .  In  order to  m a in ta in  th e  p rop er n o rm a liza ­
t io n  o f  sto p p ed  muons w hich were a n a ly z e d , th e  l o g i c  c i r c u i t r y  was g a te d  
o f f  d uring  t h i s  750 y s e c  p e r io d .
C ounter 5 was u sed  t o  check c o n t in u o u s ly  th e  v e to  e f f i c i e n c y  o f  
co u n ter  U by s c a l in g  th e  r a t i o  ( l2 3 5 5 ) / ( l 2 3 ^ 5 ) • S im i la r ly ,  th e  e f f i c i e n c y  
o f  co u n ter  3 was m o n ito red  by s e a l in g  th e  r a t i o  ( 1 2 3 5 ) / (1 2 3 ^ 5 )•  A lthough  
th e  e f f i c i e n c i e s  o f  c o u n te r s  3 and  ^ were d eterm in ed  t o  be g r e a te r  than  
95%, i t  was d e c id e d  t o  u s e  th e  number o f  oxygen  x -r a y s  t o  a s c e r t a in  th e  
number o f  sto p p ed  muons. T h is d e c is io n  was b a se d  on th e  f a c t  th a t  e s t im a ­
t e d  u n c e r t a in t ie s  o f  p aram eters in v o lv e d  in  p erform in g  a s o l i d  a n g le  
c a lc u la t io n  w ould be l a r g e .  U sin g  th e  area  under th e  peak t o  d eterm in e  
th e  number o f  s to p s  a v o id ed  t h e  need fo r  a s o l i d  a n g le  c a lc u l a t io n .
The r e la t io n s h ip  betw een  th e  number o f  oxygen x -r a y s  and th e  
number o f  s to p p ed  muons i s  g iv e n  by"^
N = Nr / . 5 9  
a
where N i s  th e  t o t a l  number o f  stop p ed  muons and N i s  th e  t o t a l  numberK
16 a  
o f  OK x -r a y s  e m it te d . The e r r o r  a s s o c ia t e d  w ith  th e  n o r m a liz a t io n  a
f a c t o r  ( y ie ld  o f  ^ 0  Ka p e r  sto p p ed  muon) o f  .5 9  i s  .0 5 .  I t  sh o u ld  b e
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p o in te d  out t h a t  t h i s  r a t io  o f  0 x -r a y s  t o  sto p p ed  muons i s  m easured  
e x p e r im e n ta lly  and does n ot depend on th e  assu m p tion  o f  100% y i e l d  fo r  th e  
e n t ir e  K - s e r ie s .
B. Gamma Ray D e te c to r s  and A n a ly zer  Equipment
During the course of the two experimental runs, four different 
y-ray detectors and four pulse-height analyzers (PHA) were used under 
various conditions. A list and description of each detector and PHA is 
given in Tables I and II.
3
D uring th e  1971 ru n , o n ly  th e  50 cm germanium l i t h iu m - d r i f t e d  
(G e - (L i) )  d e t e c t o r  was u se d . H owever, th e  d e t e c t o r  p r e a m p lif ie r  s ig n a l  
was s p l i t  such th a t  i t  c o u ld  b e  a n a ly z ed  in  th r e e  d i f f e r e n t  sy s te m s. One 
o f  t h e s e  s ig n a ls  was fe d  in t o  a l i n e a r  a m p li f ie r  (O rtec ^ 5 0 ) , which g e n e r ­
a te d  two o u tp u t s ig n a l s .  One o f  th e  a m p li f ie r  o u tp u t s ig n a ls  was s e n t  to  
an u n gated  PHA (N u clear  D ata 102U ); th e  o th e r  o u tp u t s ig n a l  was se n t  t o  a 
g a te d  PHA w hich c o n t r o l le d  th e  SREL 3 6 0 - i^  d a ta  a c q u is i t io n  sy stem . The 
g a t in g  s ig n a l s  are d e sc r ib e d  b e lo w . The o th e r  p r e a m p lif ie r  s ig n a l  from  
th e  d e t e c t o r  was fe d  t o  a secon d  a m p li f ie r  (T en n e lec  TC-203 BLR). The 
o u tp u t from t h i s  a m p lif ie r  was th e n  a n a ly z ed  in  a t h ir d  PHA (V ic to r e e n
S c ip p  1 6 0 0 ) . The g a in  on t h e  l a t t e r  a m p lif ie r  was s e t  so  as to  perm it
16r e c o r d in g  o f  th e  6 .1 3  MeV y -r a y  f o l lo w in g  6 d ecay  o f  N. However, 1600  
ch a n n e ls  d id  n ot p r o v id e  th e  dynamic range need ed  to  o b serv e  b oth  th e  
^ 0  K (133 keV) and th e  6 .1 3  MeV y -r a y  from ^ O 11 s im u lta n e o u s ly . T h isCw
s i t u a t io n  was r e c t i f i e d  in  th e  1972 ru n .
A lthough  th e  d e t e c t o r  u se d  in  t h e  1971 run was v ery  e f f i c i e n t  
in  th e  en ergy  range o f  1 0 0 -5 0 0  keV , i t  had two in h e r e n t  l im i t a t io n s :
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1 ) The la r g e  s i z e  o f  th e  d e t e c to r  r e s u l t e d  in  a la r g e  Compton background  
from h ig h  en ergy  e v e n t s .
2 ) The d e t e c t o r  r e s o l u t io n ,  under beam c o n d i t io n s ,  was 2 .2  keV f u l l  w id th  
a t h a l f  maximum (FWHM) a t  122 keV.
As w i l l  b e  shown l a t e r ,  t h i s  d e te c to r  r e s o lu t io n  a lo n e  made i t  d e s ir a b le
t o  r e p e a t  t h e  exp erim en t in  1972 .
The 1972 run was s im i la r  t o  th e  1971 run in  many r e s p e c t s .  The
d i f f e r e n c e s  can b e  sum marized as f o l lo w s .  F i r s t ,  th e  "high energy" d ata
(120  keV -  7 MeV y -r a y  e n erg y ) were accum ulated  in  a sy stem  composed o f  an
in d ep en d en t p r e a m p li f ie r ,  a m p l i f ie r ,  and PHA. T h is PHA had a I1O96 chan n el
memory c a p a c i t y ,  w hich p e r m itte d  th e  s im u lta n eo u s  a ccu m u la tio n  o f  th e  ^ 0
(133 keV) l i n e  and th e  6 .1 3  MeV y -r a y  e m itte d  f o l lo w in g  3 d e c a y .
In  order to  in s u r e  t h a t  t h i s  PHA was not d is c r im in a t in g  a g a in s t  th e  r e l a -
16t i v e l y  low  en ergy  (133  keV) 0 x - r a y ,  s e v e r a l  t e s t s  w ere made. For
sh o r t  p e r io d s  o f  p r e - s e t  t im e  th e  a rea  o f  th e  ^ 0  x -r a y  was m easured a t
v a r io u s  g a in  s e t t i n g s  o f  t h e  a m p li f ie r .  The p r e - s e t  t im e  was f ix e d  a t
8 min " l iv e  tim e"  to  m in im ize  any e f f e c t s  o f  beam r a te  f lu c t u a t io n  on th e
r a te  o f  a c cu m u la tio n  o f  t h e  x - r a y .  The same t e s t  was made fo r
lo n g e r  p e r io d s  o f  " l iv e  tim e"  ( a t  th e  same g a in  s e t t i n g s ) ,  b u t on t h e s e
75o c c a s io n s  a r a d io a c t iv e  so u r c e  ( Se) was u se d . In  t h i s  t e s t ,  th e  a rea
o f  th e  136 k e V ^  l i n e  from ^^Se was m easured . The r e s u l t s  w ere t h a t  under
a l l  c ir c u m sta n c e s  th e  a r e a  o f  th e  K x -r a y  o r  th e  136 keV y -r a y  d id  nota
change by more th a n  1% a s  a fu n c t io n  o f  g a in  s e t t i n g .
The secon d  and m ost n o ta b le  change betw een  th e  two runs was th e  
im proved d e t e c t o r  r e s o lu t io n  o f  th e  two G e(L i) d e t e c t o r s  u se d  in  th e  1972  
ru n . The r e s o lu t io n  o f  th e  20 cm d e te c to r  was 1 .U 2 keV FWHM a t  122 keV
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under beam c o n d i t io n s . T h is d e t e c t o r  was u sed  to  accum u late  g a ted  and un­
g a te d  d a ta  s im u lta n e o u s ly , as has been  done in  th e  1971 run. By f a r ,  th e
3
m ost v a lu a b le  d a ta  were accum u lated  in  an u n gated  mode u s in g  1 cm p la n a r  
G e(L i) d e t e c t o r .  T h is d e t e c t o r  had a r e s o lu t io n  o f  0 .6 5  keV FWHM a t  122  
keV. W ith t h i s  r e s o lu t io n ,  th e  1 2 0 . k keV l i n e  from th e  decay o f  th e  0~ 
s t a t e  in  co u ld  unam biguously be i d e n t i f i e d  by i t s  e n e r g y . A l l  contam ­
in a t io n  l i n e s  in  th e  r e g io n  o f  th e  1 2 0 .k keV y -r a y  were c le a r ly  r e s o lv e d  
( s e e  F ig . k ) .
The t h ir d  d i f f e r e n c e  betw een  th e  two e x p e r im en ta l runs w i l l  be  
d e sc r ib e d  in  th e  s e c t io n  on g a te d  l o g i c .
C. C a lib r a t io n s
1 .  E f f ic i e n c y  and Energy C a lib r a t io n  fo r  th e  y -r a y  D e te c to r s
As d e s c r ib e d  in  s e c t io n  A - l ,  th e  H^O t a r g e t  was c o n ta in e d  in  a 
L u c ite  box whose w a ll  t h ic k n e s s  was l / l 6 " .  S e v e r a l d u p lic a te  b oxes were  
made o f  each  c o n f ig u r a t io n  u se d . These L u c ite  c o n ta in e r s  were th en  f i l l e d  
w ith  H^ O s o lu t io n s  o f  v a r io u s  r a d io a c t iv e  so u r c e s  o f  known i n t e n s i t i e s .  
T h is p e r m itte d  th e  m easurem ent o f  a  r e l a t i v e  e f f i c i e n c y  curve in  w h ich  th e  
e f f e c t s  o f  s o l i d  a n g le  and s e l f - a b s o r p t io n  were a u to m a t ic a l ly  tak en  in to  
a c c o u n t. T able I I I  i s  a l i s t  o f  s o u r c e s ,  e n e r g ie s ,  and b ran ch in g  r a t i o s  
u sed  f o r  th e  en ergy  and e f f i c i e n c y  c a l ib r a t io n  o f  th e  v a r io u s  d e t e c t o r s .  
The r e l a t i v e  e f f i c i e n c y  curve f o r  each  d e t e c t o r  u sed  i s  shown in  F ig s .l+ -7»  
In  F ig s .  U07 th e  r e l a t i v e  s e l f - a b s o r p t io n  o f  th e  t a r g e t  i s  in c lu d e d .
D e v ia t io n s  from  l i n e a r i t y  in  en ergy  fo r  each  PHA were m easured
13and were sm a ll enough to  be n e g le c t e d  (< .0 5 $ ) .
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2 . C a lib r a t io n  o f  th e  Time t o  A m plitude C on verter
J u s t  as th e  y -r a y  d e t e c t o r  -  PHA system  was c a l ib r a t e d  w ith  
r e s p e c t  t o  en ergy  w ith  th e  a id  o f  r a d io a c t iv e  s o u r c e s ,  so a l s o  th e  tim e  
t o  am p litu d e c o n v e r te r  (TAC) was c a l ib r a t e d  w ith  r e s p e c t  t o  th e  tim e  
s e p a r a t io n  betw een a " s ta r t"  and "stop "  s ig n a l  u s in g  a c r y s t a l  c o n t r o l le d  
o s c i l l a t o r  (Time Mark G e n er a to r ) . S in c e  th e  TAC was u sed  t o  d eterm in e th e  
tim e s e p a r a t io n  betw een  a sto p p ed  muon and a p o s s ib ly  c o r r e la te d  y - r a y ,  th e  
number o f  nanoseconds per ch an n el o f  th e  t im in g  a n a ly z e r  had to  be accu r­
a t e l y  known. F igu re  8 shows th e  s im p le  c i r c u i t  u sed  t o  a s c e r t a in  t h i s  
in fo r m a tio n ." ^  A s ta b le  Time Mark G en erator  (T e k tro n ix  180A) was u sed  to  
g e n e r a te  tw o tim e c o r r e la te d  s ig n a l s :  a "marker o u t" , and a t r ig g e r  out
s i g n a l .  As shown in  F ig . 8 , one t r i g g e r  o u t p u ls e  was g e n e r a te d  fo r  ev ery  
5 ,0 0 0  m arker ou t p u l s e s .  The "marker out"  p u ls e  was f i r s t  p u t in t o  c o in ­
c id e n c e  w ith  a random p u ls e  g e n e r a to r . The ou tp u t from  th e  random c o in ­
c id e n c e  u n it  was th e n  u sed  as a s to p  s ig n a l  t o  th e  TAC. The s t a r t  in p u t  
s ig n a l  to  th e  TAC was th e  ou tp u t s ig n a l  g e n e r a te d  by th e  " tr ig g e r  out"  
d is c r im in a to r .
S in c e  th e  "marker out"  p u ls e  t r ig g e r e d  i t s  d is c r im in a to r  ev ery  
20 n s e c ,  th e  TAC in p u ts  c o u ld  n o t have a tim e  s e p a r a t io n  o f  l e s s  than  
20 n s e c  and as a d ir e c t  r e s u l t  o f  th e  tim e  c o r r e la t io n  betw een  th e  "marker 
ou t"  p u ls e  and th e  " tr ig g e r  out"  p u l s e ,  a l l  in p u ts  t o  th e  TAC must have 
b een  m u lt ip le s  o f  a  20 n se c  tim e  s e p a r a t io n .  The c a l ib r a t io n  o f  th e  TAC 
was th u s  a cco m p lish ed  by se n d in g  t h e  TAC o u tp u t p u ls e  in t o  a K ick so r t  
ADC, w hich d i g i t i z e d  th e  o u tp u t and t r a n s f e r r e d  t h e s e  d a ta  t o  th e  computer 
fo r  a n a ly s is  and s to r a g e .
IV . D ata
In b o th  th e  1971 and 1972 r u n s , d ata  w ere accu m u lated  in  two 
modes: g a te d  and u n g a ted . The g a ted  mode o f  o p e r a tio n  u t i l i z e d  com plex
e le c t r o n ic  p r o t e c t io n  c i r c u i t r y  in  th e  l o g i c  a s s o c ia t e d  w ith  i d e n t i f y in g  
a s to p p in g  beam p a r t i c l e  and a su b seq u en t y - r a y .  These u r o t e c t io n  c i r ­
c u i t s  w ere d e s ig n e d  t o  enhance t h e  p r o b a b i l i t y  th a t  a s to p p in g  muon was 
a s s o c ia t e d  w ith  a d e la y ed  y - r a y ,  th ereb y  in c r e a s in g  th e  s ig n a l  t o  n o is e  
r a t i o .  T h is p o s i t i v e  f e a t u r e ,  how ever, was accom panied by c e r t a in  ambi­
g u i t i e s  in tr o d u c e d  in t o  th e  measurement o f  th e  y i e l d  o f  th e  0 -*■ 2~ t r a n ­
s i t i o n .  The o r ig in  o f  a p o s s ib le  am b igu ity  in  th e  m easurem ent o f  th e  
y i e l d  o f  th e  0 -> 2 t r a n s i t i o n  w i l l  be d is c u s s e d  b e lo w .
The u n g a ted  mode o f  a c cu m u la tio n , by c o n t r a s t ,  r e s u l t e d  in  a 
much p o o rer  s ig n a l  t o  n o is e  r a t i o ,  b u t a more s tr a ig h t fo r w a r d  and un­
ambiguous a n a ly s is  o f  t h e  y i e l d s .
A. U ngated D ata
U ngated  d a ta  r e f e r  t o  d a ta  w hich are a n a ly zed  w ith o u t  any r e ­
s t r i c t i o n s  o th e r  th a n  t h a t  im posed by th e  d ead -tim e o f  th e  PHA i t s e l f .  
S in ce  th e  a n a ly z e r  w i l l  th e n  a c c e p t  a l l  y - r a y s ,  th e  s ig n a l  t o  n o is e  r a t io  
i s  very  p o o r , and background peaks w hich m ight n o t anpear in  g a te d  d a ta  
cou ld  i n t e r f e r e  w ith  th e  peaks o f  p r in c ip a l  i n t e r e s t .  T h is  l a s t  problem  
i s  e s p e c i a l l y  a c u te  fo r  d e t e c t o r s  w ith  poor r e s o lu t io n .  The problem  o f  
d e te c to r  r e s o lu t io n  w i l l  b e  d is c u s s e d  in  t h e  a n a ly s is  o f  t h e  u n gated  d a ta .
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In  s p i t e  o f  th e  in h e r e n t ly  poor s ig n a l  to  n o is e  r a t i o ,  th e  un­
g a te d  mode o f  o p e r a tio n  has a m ost im p ortan t advantage o v er  th e  g a ted  
m ode. The d a ta  c o l l e c t e d  in  t h i s  form er mode are f r e e  o f  e r r o r s  i n t r o ­
duced by f a l s e  t im e  c o r r e la t io n s  cau sed  by th e  g a t in g  p r o c e s s .  Because  
o f  th e  m e ta s ta b le  n a tu re  o f  t h e  0 s t a t e  in  N ,t h i s  mode o f  accu m u la tion  
i s  p a r t ic u la r ly  s u i t e d  t o  t h e  s tu d y  o f  th e  c a p tu re  r a te  t o  i t .
There were fou r  u n gated  r u n s . Two to o k  p la c e  d u rin g  June o f
1971» u s in g  a 50 cm tr u e  c o a x ia l  G e(L i) d e t e c t o r .  The o th e r  two runs
3
w ere made d u rin g  June o f  1 9 7 2 . In one o f  t h e s e  l a t t e r  runs a 20 cm tr u e
c o a x ia l  G e(L i) d e te c to r  w ith  r e l a t i v e l y  h ig h  r e s o lu t io n  and e f f i c i e n c y  was
3
u se d . In  th e  secon d  o f  th e  1972 runs a 1 cm p la n a r  d e t e c to r  w ith  e x tr e m ely  
h ig h  r e s o l u t io n ,  but r e l a t i v e l y  low  e f f i c i e n c y ,  was u se d .
Of th e  four u n gated  r u n s , o n ly  one showed th e  0 -* 2~ t r a n s i t i o n  
(120  keV) c le a r ly  r e s o lv e d  from n e ig h b o r in g  peaks as shown in  F ig .  3 .
T h is  run was th e  1972 u n gated  ru n , u s in g  a 1 cm p la n a r  G e(L i) d e te c to r  
w ith  a r e s o lu t io n  o f  650 eV FWHM a t 122 keV. The r e s u l t s  o f  t h i s  run i n ­
d ic a te d  fou r G aussians in  th e  r e g io n  o f  120 keV. The f o l lo w in g  are th e  
e n e r g ie s  r e s u l t in g  from a l e a s t  sq u a res  f i t  t o  th e  d ata :
( a l l  e n e r g ie s  are  in  keV)
1. 1 2 0 .U0 + 0 . 1
2 . 1 2 1 . 9 9 + 0 . 1
3 . 123 .51  + 0 .1  
k.  127 .66  + 0 .1
Energy "1 ."  i s  i d e n t i f i e d  as th e  y -r a y  t r a n s i t i o n  betw een  th e  0~ and 2
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s t a t e s  in  Energy "2 ."  i s  i d e n t i f i e d  w ith  ^ F e ." ^  T h is i d e n t i f i c a ­
t io n  i s  fu r th e r  s u b s t a n t ia t e d  by th e  p r e se n c e  in  th e  spectrum  o f  th e  136  
57 15keV l i n e  from Fe in  th e  c o r r e c t  i n t e n s i t y  r a t i o .  The " 3 ." , i s  somewhat
broadened  and i s  l i k e l y  t o  be th e  muonic M t r a n s i t i o n  in  Zn. There i sa
a ls o  some e v id e n c e  o f  an L t r a n s i t i o n  in  Zn, b u t th e  a rea  under th e  curvea
i s  v e r y  sm a ll b e c a u se  o f  low  d e t e c to r  e f f i c i e n c y  a t  th e  L en ergy  o f  35^ 
keV. The problem  o f  Zn co n ta m in a tio n  w i l l  be d is c u s s e d  in  th e  s e c t io n  on 
p o s s ib le  so u r c e s  o f  e r r o r . The "U." en ergy  has n o t been  i d e n t i f i e d ,  but 
i s  w e l l  s e p a r a te d  from t h e  120 keV l i n e .
3 3A l l  o th e r  u n gated  r u n s , u s in g  th e  20 cm o r  50 cm d e t e c t o r s ,  
showed e v id e n c e  o f  c o n ta m in a tin g  peaks w h ich  l i e  so  c lo s e  t o  th e  peak o f  
i n t e r e s t  t h a t  th e y  cannot be r e s o lv e d  from i t . I f  t h e s e  peaks in  th e  
r e g io n  o f  120 keV are  a n a ly z ed  by u se  o f  a l e a s t  sq u ared  f i t t i n g  tec h n iq u e  
t o  a s in g le  G aussian  p lu s  an e x p o n e n t ia l  b ackground , th e  r e s u l t  le a d s  to  
in c o n s is t e n t  p a r t ia l  c a p tu re  r a te s  t o  th e  0 s t a t e .  These i n c o n s is t e n c ie s  
are presum ably a r e s u l t  o f  th e  p r e se n c e  o f  co n ta m in a tin g  l i n e s  a t  a p p ro x i­
m a te ly  120  keV w hich v a r ie d  w ith  th e  e x p e r im e n ta l c o n d i t io n s ,  p a r t i c u la r ly  
th e  d e t e c t o r  u se d . As an exam p le, m u lt ip le  G aussian  f i t s  t o  th e  "120 keV" 
d a ta  in  th e  la r g e  d e t e c t o r  runs do not c o n v e r g e . In  an e f f o r t  t o  make 
t h e s e  f i t s  c o n v e r g e , th e  FWHM o f  t h e  v a r io u s  peaks was f ix e d  t o  th e  v a lu e s  
d eterm in ed  from en ergy  c a l ib r a t io n  ru n s . H owever, two o f  th e  a n a ly z e r s  
in t o  w h ich  th e  d a ta  w ere accum u lated  c o u ld  n o t be en erg y  s t a b i l i z e d ,  w hich  
l e d  t o  w id e r  FWHM fo r  a l l  peaks th an  w ould b e  o b serv ed  in  a s h o r t  c a l i ­
b r a t io n  run . A ttem pts w ere made t o  com pensate f o r  t h i s  e f f e c t ,  bu t th e  
r e s u l t s  were am biguous.
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T h e r e fo r e , in  t r e a t in g  th e  u n gated  d a ta , th e  d a ta  accum ulated  
w ith  th e  sm all ( l  cm ) d e t e c t o r ,  in  w h ich  co n ta m in a tin g  peaks a s s o c ia t e d  
w ith  th e  120 keV l i n e  w ere c le a r ly  r e s o lv e d  was u sed  as a s ta n d a rd  t o  de­
term in e th e  r a t i o  o f  120  keV (0  -> 2 ) y - r a y s  p er  K x -r a y . T h is r a t iocx
has been  c o r r e c te d  fo r  th e  r e l a t i v e  e f f i c i e n c y  r a t io  betw een 120 keV and
133 keV ('*■^ 0 K x - r a y ) .  T h is  r a t i o  has an 11# u n c e r ta in ty  a s s o c ia t e d  w itha
i t  as a r e s u l t  o f  th e  h ig h  background l e v e l .  I t  sh o u ld  be n o te d  t h a t  an
average r a te  t o  th e  1 s t a t e ,  o b ta in e d  from a l l  o th e r  runs (u n g a te d ) , was
3
u sed  t o  determ ine th e  number o f  c a sc a d e s  to  th e  0 s t a t e  fo r  th e  1 cm 
p la n a r  G e(L i) ru n , s in c e  t h i s  d e t e c t o r  i s  q u ite  i n e f f i c i e n t  a t  h ig h e r  
e n e r g ie s .  In t h i s  w ay, a r a t e  o f  d i r e c t  ca p tu re  to  th e  0 s t a t e  was ob ­
t a in e d .  The f o l lo w in g  are th e  r e s u l t s  o f  th e  u n gated  d ata  from th e  1971  
and 1972  r u n s:
= (1320  + 1 1 9 ) /s e c
= n ot o b ta in e d  in  t h i s  run
= n o t o b ta in e d  in  t h i s  run
= (1557  + 1 7 5 ) /s e c
B. G ated Data
In ord er t o  in c r e a s e  th e  s ig n a l  to  n o is e  r a t io  in  th e  r e g io n  o f  
th e  r e le v a n t  y - r a y s ,  a g a t in g  l o g i c ,  as d e p ic te d  in  F ig s .  9 and 10 was em­
p lo y e d . C ounters 1 -5  s u p p lie d  f a s t  s ig n a l s  to  d is c r im in a to r s  D1 th rou gh  
D5, r e s p e c t iv e ly .  The c o in c id e n c e  u n i t s  C (1 2 3 5 ) , C (123^5) and C (1 2 3 5 )  
were u sed  t o  m on itor  c o u n te r  e f f i c i e n c i e s .  The r e s t  o f  th e  f a s t  l o g i c  can  
b e s t  be d e sc r ib e d  by d iv id in g  t h e  diagram  in t o  four p a r ts :
1971 run X1
X°
1972 run X1
X°
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1 .  p r e v io u s  s to p  c i r c u i t r y
2 . secon d  s to o  c ir c u i t r y
3 . e le c t r o n  r e j e c t io n  c i r c u i t r y
U. prompt e n a b le r  c i r c u i t r y .
1 .  The p r e v io u s  s to p  p r o t e c t io n  c i r c u i t  s p l i t  th e  s ig n a l  s i g n i ­
f y in g  a s to o p ed  muon. The f i r s t  s ig n a l  from th e  raw s to o  fa n  ou t u n it  was 
s e n t  t o  a d is c r im in a to r  (d6 ) .  T his u n it  s e r v e d  th e  d u al ou rp ose  o f  a . )  de­
la y in g  th e  ou tput from C (123^) and b . )  su p p ly in g  a v a r ia b le  w id th  o u tp u t  
l o g i c  s i g n a l .  T h is v a r ia b le  w id th  w i l l  be r e fe r r e d  t o  as th e  g a te  w id th , 
and w i l l  be d is c u s s e d  l a t e r .  Thus, th e  p r e v io u s  s to o  c o in c id e n c e  u n it  r e ­
c e iv e d  o f  a "yes" in p u t d i r e c t ly  from  th e  raw s to p  fan  o u t u n it  and an 
a n t i - c o in c id e n c e  p u ls e  from ( d6 ) .  T h e r e fo r e , th e r e  w ould be no ou tp u t  
p u ls e  from  th e  " p rev io u s stop "  c o in c id e n c e  u n it  i f  a p r e v io u s  s to p  had 
o c c u r r e d  w ith in  th e  g a te  w id th  o e r io d .  I f  two o r  more s to p  s ig n a l s  o ccu rred  
w it h in  one g a te  w id th  o f  one a n o th e r , th e  ou tp u t o f  (d6 ) was r e fe r e n c e d
t o  th e  l a s t  (123^ ) s ig n a l  r e c e iv e d . T h is mode o f  o p e r a t io n  i s  known as th e  
u p d a tin g  mode. I t  sh o u ld  be n o ted  th a t  t h i s  p r o t e c t io n  c i r c u i t  was u sed  
in  th e  updated  mode and was th e  main p r o t e c t io n  from h ig h  in s ta n ta n e o u s  
beam r a t e s .
2 . When a s to p  p u ls e  met th e  req u irem en ts  o f  th e  " p rev io u s  
stop "  c i r c u i t ,  i t  g e n e r a te d  a f a s t  p u ls e  ou t o f  th e  " p rev io u s  stop "  c o in ­
c id e n c e  u n i t  w hich was se n t  in t o  (D7) and (D IO ). The p u ls e  t o  (D7) was 
d e la y e d  s l i g h t l y  t o  p r e v e n t e a r ly  s tr o b in g  o f  th e  s tr o b e d  c o in c id e n c e  u n it  
by t h e  o u tp u t o f  (D 7 ). T h is in p u t t o  (DIO) was d e la y e d  by one g a te  w id th
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to  a llo w  d e t e c t io n  o f  secon d  s to p o ed  muons and decay e le c t r o n s  from muon 
d eca y . The ou tp u t o f  (DT) was s e t  eq u a l t o  th e  same o u tp u t w id th  as 
(D6 ) . Thus from th e  t im e  th e  s tr o b e  p u ls e  from (D7) t r ig g e r e d  th e  s tr o b e d  
c o in c id e n c e  u n i t ,  u n t i l  one g a te  w id th  l a t e r ,  any s to p o in g  muon would  
t r i g g e r  (D8 ) ,  w hich in  tu r n , n e g a ted  any " v a lid  sto o "  s ig n a l .
3 . S im u lta n e o u s ly , w h ile  th e  s tr o b e d  c o in c id e n c e  u n it  was b e in g  
s tr o b e d  fo r  secon d  (123^) s ig n a t u r e s ,  i t  was in  a c o n d it io n  t o  a llo w  a 
secon d  s ig n a l  from c o u n te rs  3 o r   ^ t o  t r ig g e r  a c o in c id e n c e  u n it  o p e r a te d  
in  th e  "or" mode. Such a s ig n a l  w ould co rresp on d  t o  a decay  e le c t r o n  (from  
muon decay) o r o v id e d  t h e  s ig n a l  was n o t in  c o in c id e n c e  w ith  a ( 123*0 s i g ­
n a tu r e . T h is l a s t  c irc u m sta n c e  corresp on d ed  t o  a beam p a r t i c l e  p a s s in g  
th rou gh  th e  e n t ir e  a p p a ra tu s . In  ord er  t o  a v o id  c o n fu s in g  t h e s e  "through"  
e v e n ts  w ith  decay e l e c t r o n s ,  and a n t i - c o in c id e n c e  (123*0 s ig n a l  from (D26) 
d is a b le d  th e  "decay e le c tr o n "  c o in c id e n c e  u n i t .
*t. The prompt e n a b le r  c i r c u i t  c o n s is t e d  o f  a c o in c id e n c e  b e ­
tw een  a prompt y -r a y  s ig n a l  from  th e  s lo w  l o g i c  and a raw s to p .  I f  such  
a prompt c o in c id e n c e  was m ade, th en  th e  o u tp u t t r ig g e r e d  d is c r im in a to r  
(D20) w h ich , in  t u r n ,  produced  a p u ls e  one g a te  w id th  w id e , u sed  in  a n t i -  
c o in c id e n c e  in  t h e  y - e  c o in c id e n c e  u n i t .
These fo u r  p a r ts  o f  t h e  f a s t  l o g i c  w ere u sed  to  d e f in e  a "R eal" , 
"True", and "V alid" s t o p .  A "Real" s to o  was d e f in e d  as a (123*0 w hich was 
n e ith e r  p reced ed  n or fo llo w e d  by a n o th er  (123*0 w ith in  one g a te  w id th . A 
"True" s to p  had th e  added c r i t e r i o n  t h a t  no decay e le c t r o n  was o b serv ed  
d u rin g  th e  p e r io d  o f  one g a te  w id th  a f t e r  th e  s to p  under c o n s id e r a t io n .
As m en tion ed  ab ove , th e  orom ot e n a b le r  c i r c u i t ,  when a c t iv a t e d ,  
i n h ib i t e d  th e  c o in c id e n c e  u n i t  y - e  d u r in g  one g a te  p e r io d . T h is added
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fe a tu r e  d e f in e d  t h e  form ation  o f  th e  "V alid" s to p  s i g n a l .  T h is s to o  i s  
c h a r a c te r iz e d  by th e  ab sen ce  o f  o r e v io u s  o r  secon d  s t o o s ,  and no decay  
e le c t r o n  u n le s s  th e r e  was a promot y - s t o p  c o in c id e n c e . T h is l a s t  c o n d i­
t io n  a llo w e d  a l l  prompt y -r a y  e v e n ts  to  b e  a n a ly z ed  i f  th e y  s a t i s f i e d  th e  
"Real" s to p  r e q u ir e m e n ts . T h is in su r e d  t h e  p rop er n o r m a liz a t io n  t o  th e  
number o f  prompt muonic x - r a y s .  The c o in c id e n c e  u n it  marked " V a lid  Stop"  
was th en  u sed  t o  g e n e r a te  th e  g a t in g  p u ls e  t o  th e  PHA w hich  was i n t e r ­
fa c e d  w ith  th e  com p u ter .
F ig u re  10 sh ow s, in  condensed  form , th e  s lo w  l o g i c .  One s ig n a l  
from th e  d e t e c t o r  p r e a m p lif ie r  was fed  in t o  th e  E x tr a p o la te d  Zero S trob e  
(EZS) u n i t .  The o th e r  p r e a m p lif ie r  s ig n a l  was s e n t  d i r e c t l y  in t o  a l in e a r  
a m p li f ie r  (O rtec  1+50). The o u tp u t o f  th e  a m p li f ie r  was se n t  in t o  a d e la y  
a m p li f ie r  (T en n e lec  1 0 7 ) to  in s u r e  t h a t  th e  an a logu e  s ig n a l  d id  n ot a r r iv e  
to o  e a r ly  a t  th e  PHA t o  a llo w  a n a ly s is  o f  th e  y - r a y .  The (EZS) p u ls e  t o  
(D l6 ) t r ig g e r e d  th e  s t a r t  in p u t to  th e  TAC. The s to p  s ig n a l  t o  th e  TAC was 
s u p p lie d  by a "V alid" s to p  from th e  f a s t  l o g i c .  The s t a r t  and s to p  s ig n a ls  
t o  th e  TAC a l s o  t r ig g e r e d  (D17) and (D 1 3 ), r e s p e c t iv e l y ,  w hich form th e  
y - v a l i d  s to p  c o in c id e n c e .  T h is in  tu r n  was th e  s ig n a l  t h a t  g e n e r a te d  th e  
g a te  t o  th e  PHA.
C. D ata A c q u is i t io n  System
An e v e n t  i s  d e f in e d  as th e  com p osite  o f  en erg y  and tim e  in f o r ­
m ation  fo r  a g iv e n  y -r a y  and a s s o c ia t e d  s to p p ed  p a r t i c l e .  For each  y -r a y  
and a s s o c ia t e d  s to p  w hich met th e  "Valid" s to p  r eq u irem en ts  an e v e n t  s i g ­
n a l was g e n e r a te d . T h is s i g n a l ,  in  tu r n , was s e n t  t o  an IBM 36O-UU
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in t e r f a c e  u n i t ,  w hich  th e n  was ready to  a c c ep t d i g i t i z e d  en ergy  and tim e  
in fo r m a tio n . In t h i s  manner a s in g le  two d im en sio n a l ev en t a n a ly z e r  o f  
en ergy  v e r su s  tim e was c r e a te d  ( s e e  F ig .  1 1 ) .  T h is a n a ly z e r  co u ld  be 
s to r e d  o n ly  as a u n it  in  s a v e - ta p e  mode o f  accu m u lation  s in c e  th e  co re  
s to r a g e  req u irem en ts o f  t h i s  a n a ly z e r  w ere to o  la r g e  fo r  th e  sy stem  36O-I+I+. 
In  order t o  accum u late  t h i s  a n a ly z e r  d i r e c t l y  in t o  th e  com puter, i t  was 
n e c e ss a r y  to  u t i l i z e  a m apping r o u t in e ,  w hich mapped a 1021+ ch an n el tim e  
array  in to  f i v e  s e p a r a te  r e g io n s .  Each o f  t h e s e  r e g io n s  c o u ld  th en  be  
fu r th e r  su b d iv id ed  in t o  any number o f  "tim e a n a ly z e r s"  d e s ir e d ,  p r o v id e d  
th e  s u b d iv is io n  o f  any g iv e n  r e g io n  l e d  to  an in t e g r a l  number o f  "tim e  
a n a ly z e r s " . The a v a i la b le  sp a c e  in  c o r e  a llo w e d  s im u lta n eo u s  a ccu m u la tio n  
o f  tw en ty  such "tim e a n a ly z e r s " . The r e g io n s  were mapped as f o l lo w s :
R egion  Number o f  "Time A n a ly zers"  "Time A n a ly zers"  Channel Range
1 1 0 - 1 + 0
2 12 1+1 -  9fc0
3 5 9^1 -  980
1+ 2 981  -  1022
5 0 1023 -  1023
As we have n o te d , th e  v a l i d  s to p  in p u t t o  th e  TAC was d e la y e d  
by one g a te  w id th  in  ord er  t o  p erm it o p e r a t io n  o f  th e  "second muon" and 
"decay e le c tr o n "  p r o t e c t io n  c i r c u i t r y .  S in c e  th e  TAC was s t a r t e d  by a 
y s ig n a l  and stop p ed  by a d e la y e d  " v a lid "  s to p  s ig n a l ,  e v e n ts  w ith  th e  
g r e a t e s t  tim e s e p a r a t io n  w ere r e co r d e d  in  t h e  lo w e s t  ch a n n e ls  o f  th e  t im e  
a n a ly z e r . Those e v e n ts  whose tim e  s e p a r a t io n  exceed ed  t h e  maximum tim e
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s e p a r a t io n  s p e c i f i e d  by th e  TAC were s to r e d  in  tim e chan n el z e r o . To 
f a c i l i t a t e  t h e  d is c u s s io n  o f  th e  d a ta  a c q u i s i t io n  sy s te m , th e  r e g io n s  
w i l l  be d e f in e d  as fo llo w s :  (shown in  F ig .  1 1 ) r e g io n  one was th e  "tim e  
u n c o r r e la te d  a n a ly z e r " , r e g io n  two was th e  "sum o f  a l l  d e la y ed  tim e  
a n a ly z e r s " , r e g io n  th r e e  was th e  "sum o f  a l l  prompt tim e  a n a ly z e r s " , r e g io n  
fou r  was t h e  "sum o f  th e  e a r ly  tim e  a n a ly z e r s " , and r e g io n  f i v e  was c a l l e d  
" n u ll"  a n a ly z e r . The r ea so n  fo r  th e  e x is t e n c e  o f  th e  " n u ll"  a n a ly z e r  i s  
th e  req u irem en t o f  f i v e  r e g io n s  in  th e  su b r o u tin e  w hich d id  th e  a c tu a l  
mapping o f  th e  r e g io n s .  R egion f i v e  was n ot a c t u a l ly  u sed  in  th e  s to r a g e  
o f  d a ta .
The d i v i s i o n  o f  r e g io n  tw o in t o  tw e lv e  d i s t i n c t  tim e  a n a ly z e r s
a llo w e d  o b s e r v a t io n  o f  th e  tim e  e v o lu t io n  o f  a l l  d e la y e d  y ~ r a y s . The tim e
e v o lu t io n  o f  th e  1 -  0 t r a n s i t i o n  and th e  0 - 2  t r a n s i t i o n  in  '^N are
shown in  F ig s .  12 and 13 r e s p e c t iv e l y .  F ig u re  13 shows th e  decay o f  th e
1 s t a t e  t o  t h e  0 s t a t e  w ith  a d ecay  r a te  c h a r a c t e r i s t i c  o f  th e  muon
1 6d isa p p e a r a n c e  r a te  in  0 . F ig u re  lU  r e c o r d s  th e  grow th and decay o f  th e  
m e ta s ta b le  0 s t a t e  in  "^N.
The d a ta  a c q u is i t io n  sy stem  a ls o  p e r m itte d  o b s e r v a t io n  o f  th e  
tim e  e v o lu t io n  o f  s i x  d i f f e r e n t  en ergy  r e g io n s  o f  i n t e r e s t .  These s i x  
tw e n ty -c h a n n e l a n a ly z e r s , t o g e t h e r  w ith  r e g io n s  tw o , th r e e  or  fo u r , co u ld  
be v iew ed  in d iv id u a l ly  on a s to r a g e  s c o p e . T h is  c a p a b i l i t y  a llo w ed  one to  
m o n ito r  th e  v a r io u s  r e g io n s  o f  i n t e r e s t  d u r in g  th e  co u r se  o f  th e  e x o e r i -  
m en t.
At th e  end o f  a t e n  t o  tw e lv e -h o u r  ru n , th e  d a ta  were p r in te d  on 
p ap er and s to r e d  on m agnetic  t a p e . The o p t io n  was a l s o  a v a i la b le  to  add
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cu rren t d a ta  t o  a lr e a d y - e x is t in g  d a ta , which w ere s to r e d  on d i s c .  The i n ­
form ation  s to r e d  in  t h i s  manner a llo w ed  o b se r v a tio n  o f  l o w - y ie ld  y -r a y s  
w hich m ight n o t have been  e v id e n t  in  a s in g le  run.
R egion fou r  c o n s is t e d  o f  two "tim e a n a ly z e r s"  w hich to g e th e r  
form what i s  c a l l e d  " ea r ly "  o r  "out o f  tim e" a n a ly z e r s .  For t h e s e  d a ta  
a y -r a y  t r ig g e r e d  t h e  d e t e c t o r  b e fo r e  a corresp o n d in g  s to p p in g  p a r t i c l e  
came to  r e s t  in  th e  w a ter  t a r g e t .  S in ce  th e r e  can be no c a u s a l r e l a t i o n ­
sh ip  betw een  t h e  y -r a y  o b serv ed  and th e  stop p ed  muon, th e  r a te  o f  t h e s e  
e v e n ts  w ere i n d i c a t i v e  o f  th e  random background.
Most o f  th e  e v e n ts  i n  t h e  two d im en sio n a l e v e n t  a n a ly z e r  f e l l  in  
th e  prompt a n a ly z e r  r e g io n  (r e g io n  t h r e e ) .  F igu re  12 shows a t im in g  sp e c ­
trum o f  th e  number o f  co u n ts  v e r su s  th e  tim e s e p a r a t io n  ( in  c h a n n e ls ) .
The la r g e  peak in  t h e  h ig h  channel area  i s  e n c lo s e d  w ith in  th e  prompt 
a n a ly z e r 's  t im e  c h a n n e ls .
D. D ata A n a ly s is  o f  G ated D ata
In d e s c r ib in g  th e  d a ta  a c q u is i t io n  sy s te m , i t  was p o in te d  o u t
t h a t  t h e r e  w ere tw e n ty  d i s t i n c t  t im e  a n a ly z er s  form ed by th e  com puter.
Tw elve o f  t h e s e  com p rised  what i s  r e fe r r e d  to  as th e  d e la y e d  a n a ly z e r .
F iv e  o f  th e  tw e n ty  were summed t o  make-up th e  prompt a n a ly z e r . From th e
prompt a n a ly z e r  t h e  t o t a l  number o f  x -r a y s  can b e  m easured . I t  has
been shown t h a t  th e  r a t io  o f  K x -r a y s  t o  th e  t o t a l  number o f  sto p p edOt
muons i s  . 59 +. .05."*"^ T h is  ex p e r im en ta l r a t io  i s  o b ta in e d  w ith o u t  any 
assum p tion  about t h e  y i e l d  o f  th e  t o t a l  K - s e r ie s .  C ascade c a lc u la t io n s  
y i e l d  a v a lu e  o f  (60  +_2)%,  and are  c o n s is t e n t  w ith  a t o t a l  K -s e r ie s  
y i e l d  o f  u n i t y .
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To c a lc u la t e  th e  p a r t i a l  ca p tu re  r a te  t o  th e  1 s t a t e  in  N, 
th r e e  numbers must be m easured ( s e e  F ig . l ) .  They a re: th e  a rea  under th e
277 keV y -r a y  ( l  -  0 t r a n s i t i o n )  peak in  th e  d e la y ed  r e g io n  (r e g io n  2 ,  
s e e  s e c t io n  C a b o v e ) , th e  a rea  under th e  133 keV K x -r a y  peak in  th e  prompt 
a n a ly z e r ,  and th e  r e l a t i v e  e f f i c i e n c y  r a t i o  betw een  th e  two e n e r g ie s  men­
t io n e d .
B ecause o f  t h e  f i n i t e  t im e  w id th  a c c e p te d  by th e  d e la y ed  a n a ly z e r ,  
o n ly  a p o r t io n  o f  a l l  o f  t h e  277 keV y -r a y s  e m itte d  fo r  a l l  t im e s  w ere  
r e g is t e r e d  in  i t .  The f r a c t io n  o f  277 keV y -r a y s  e m itte d  in  a tim e p e r io d  
betw een  t^  and t^  i s  g iv e n  by
-A t 0 -A t..™ p 2 p 1F = e p -  e
33where A i s  th e  muon d isa p p e a r a n c e  r a te  in  0 ,  t.. i s  th e  s t a r t  tim e  o f  
th e  d e la y ed  a n a ly z e r , and t^  i s  th e  s to p  t im e . F i n a l ly ,  one m ust ta k e  
in t o  account t h a t  o n ly  73.  o f  a l l  c a p tu r es  t o  th e  1 s t a t e  y i e l d  a  
277 keV y - r a y . T hus, th e  c a p tu re  r a t e ,  A"*" , t o  th e  1 s t a t e  i s  g iv e n  by
N x  (RE) x A
.1“ _ 1~  y
" -73U x F x  (N*. / .  59) 
1" a
w here N i s  th e  t o t a l  number o f  277 keV y -r a y s  o b serv ed  in  th e  d e la y ed
1 ”  16 a n a ly z e r  and RE i s  th e  r e l a t i v e  e f f i c i e n c y  r a t i o  betw een  133 keV ( 0 K
X 06
en e r g y ) and 277 keV f o r  th e  d e t e c t o r  in  q u e s t io n .
The f i n i t e  o b s e r v a t io n  t im e  a ls o  e f f e c t s  th e  m easurem ent o f  th e  
p a r t i a l  ca p tu re  r a te  t o  th e  0 s t a t e ,  b u t in  a somewhat d i f f e r e n t  w ay,
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s in c e  th e  0 l e v e l  in  i s  fe d  n o t o n ly  by d i r e c t  c a p tu r e s  b u t i s  a l s o
f i l l e d  by c a sc a d e s  from  th e  1 s t a t e .  The f r a c t io n ,  F , o f  0 -> 2
0"
y -r a y s  o b se r v ed  b etw een  t  and t^  i s
*
-  P o
Vxo
-A t  A t .  P 2 y 1 e -  e p
A
P
-xoh -Vie_______ -  e______
*0
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where A  ^ i s  th e  mean l i f e  o f  th e  0 s t a t e .  From th e  t o t a l  number o f  
120 keV y -r a y s  o b ta in e d  u s in g  t h e  above e x p r e s s io n , one m ust now s u b tr a c t  
th e  t o t a l  number o f  277 heV ( l  0 ) y -r a y s  o b se r v ed  fo r  a l l  t im e  ( c o r ­
r e c te d  fo r  e f f i c i e n c y  d i f f e r e n c e s )  in  ord er  to  accou n t fo r  th e  1 -  0~
c a s c a d e . The n e t  r e s t i l t  f o r  th e  ca p tu re  r a te  t o  th e  0 s t a t e  i s  th en  
g iv e n  by
N x RE N
^ -----------5 ^
o "  1 ~
X /(SK /-59>
a
where N _ i s  th e  t o t a l  number o f  120  keV y -r a y s  o b se r v ed  in  th e  d e la y ed  
0
a n a ly z e r  and RE  ^ i s  now th e  r e l a t i v e  e f f i c i e n c y  r a t io  betw een  133 keV and 
120 keV.
The g a te  w id th  u sed  in  t h e  1971 run was 6 y s e c .  The fo l lo w in g  
r e s u l t  was o b ta in e d  in  th e  1971  run from g a te d  d a ta .
A1 = (13^2 + 2 0 0 ) /s e c
T h is r a te  was b ased  on 11 x 10^ o b se r v ed  "^0 K m uonic x -r a y s  a s  determ in eda
from t h e  t o t a l  a r e a  o f  th e  0 l i n e  in  th e  prompt a n a ly z e r .
The f o l lo w in g  r e s u l t  was o b ta in e d  in  th e  1972  run from g a te d  d a ta
A = (1320 + 2 0 0 ) / se c
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The g a te  w id th  u sed  in  t h i s  run was k . 5  y s e c .  T h is r a te  was b a sed  on 
6 l62 . k  x  10  ob served  0 x -r a y s  as d eterm in ed  from th e  t o t a l  area  o f  th e  
0 K l i n e  in  th e  prompt a n a ly z e r .
The r a te s  q u o ted  fo r  t h e  g a te d  runs do n ot in c lu d e  a p a r t i a l  cap ­
tu r e  r a te  t o  th e  0 l e v e l .  The rea so n  i s  a s f o l lo w s .  In a n a ly z in g  th e  
g a te d  d a ta  fo r  th e  0 r a te  t h e r e  i s  one a ssu m p tion  w hich has b een  made 
w hich d e se r v e s  c lo s e  s c r u t in y .  By d iv id in g  th e  number o f  cou n ts in  th e  
120 keV l i n e  by th e  p e r c e n ta g e  o f  tim e r e p r e s e n te d  by th e  d e la y ed  a n a ly z e r ,  
i t  has been assumed t h a t  t h e  120  keV y -r a y s  a n a ly zed  are d e f i n i t e l y  a s s o ­
c ia t e d  w ith  th e  stop p ed  muon s ig n a l s  w hich opened th e  a n a ly z e r  g a t e .  The 
a n a ly z e r  g a te  would n o t have b een  opened i f  a p r e v io u s  muon had sto p p ed  
w ith in  one g a te  w id th  o f  th e  p r e s e n t  s t o o .  I f ,  how ever, a raw s to p  (123^ )  
o ccu rred  p r io r  to  one g a te  w id th  th e r e  was a s u b s t a n t ia l  p r o b a b i l i t y  th a t  
th e  m e ta s ta b le  0 s t a t e  would have e m itte d  a 120 keV y -r a y  in  th e  d e la y ed  
a n a ly z e r  o f  an oth er  s t o o .  For exam p le , supp ose th a t  t h e r e  was a random 
p r o b a b i l i t y  th a t  a raw s to p  o c c u r re d  som etim e betw een  6 y s e c  and 12 y se c  
p r e v io u s  to  a "V alid" s t o p .  T here w ould th e n  have been  a 3 1 .5 $  p r o b a b i l i t y  
th a t  th e  120 keV y -r a y  e m it te d  would have f a l l e n  in  th e  tim e  o f  th e  d e la y e d  
a n a ly z e r  o f  th e  "Valid" s t o p .  T h is problem  i s  in h e r e n t  in  any a ttem p t to  
g a te  th e  PHA "on" fo r  a "good" e v e n t .  Any a ttem p t t o  a d ju s t  th e  d a ta  to  
account fo r  t h i s  p o s s ib le  e x c e s s  o f  120 keV y -r a y s  would have presum ed a 
more d e t a i l e d  know ledge o f  t h e  beam s tr u c t u r e  th an  t h a t  w hich was a v a i l ­
a b le .  One can con clu d e  t h a t  i f  a l l  doubt about th e  y i e l d  o f  th e  number o f  
120 keV y -r a y s  i s  t o  be rem oved, a l l  g a te s  m ust be e lim in a te d  from th e  
PHA.
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E. P a r t ia l  Capture R ate to  th e  3 S ta te
An attem p t was made t o  m easure t h e  p a r t i a l  c a o tu r e  r a te  t o  th e  
163 s t a t e  a t 297 keV. I f  ca sca d es  from th e  1~ t o  th e  3 s t a t e  d id  not 
o c c u r , th e n  a m easurem ent o f  th e  3 ca p tu re  r a te  c o u ld  be made by th e  ob­
s e r v a t io n  o f  a d e la y ed  y -r a y  peak a t  297 keV. A n a ly s is  o f  a l l  r u n s , both  
g a te d  and u n g a ted , d id  n ot y i e l d  any e v id e n c e  o f  a ( l -  -  3~) ca sca d e  tr a n ­
s i t i o n  a t 100 keV. T h is o b s e r v a tio n  i s  in  agreem ent w ith  r e c e n t  e x p e r i­
m en ta l r e s u l t s  r e p o r te d  on r e l a t i v e  b ran ch in g  r a t i o s  o f  y -r a y  t r a n s i t io n s  
in  T hese r e s u l t s  show th a t  th e  r a t io  o f  t h e  i n t e n s i t y  o f  th e  1
3 t r a n s i t i o n  t o  th e  i n t e n s i t y  o f  th e  1 -  0~ t r a n s i t i o n  i s  <_ 2 x  10
In  a d d it io n  to  th e  f a c t  th a t  th e  y i e l d  o f  th e  297 keV (3  -  2
t r a n s i t i o n  y -r a y  i s  e x p e c te d  t o  be sm a ll (a  0+ t o  3 muon c a p tu re  t r a n s i ­
t i o n  i s  t h ir d  f o r b id d e n ) ,  th e r e  are  two p o s s ib le  c o m p lic a t io n s  w hich must 
be c o n s id e r e d  when m easu rin g  th e  y i e l d  o f  t h i s  t r a n s i t i o n  (3~  -  2- ) .
1 )  The p o s s i b i l i t y  e x i s t s  th a t  t h e  3 s t a t e  may decay by f i r s t
x6e m it t in g  a 177 keV (3  -  0 ) y - r a y . H owever, e x p e r im e n ta l r e s u l t s  on
th e  b ra n ch in g  r a t i o s  o f  e x c i t e d  s t a t e s  in  show t h a t  th e  r a t io  o f  th e
i n t e n s i t y  o f  th e  3 -  0 t r a n s i t i o n  t o  th e  i n t e n s i t y  o f  t h e  3 -  2 t r a n -
- 2
s i t i o n  i s  < 10
2 )  The 297 keV (3 -  2 t r a n s i t i o n )  c o u ld  e a s i l y  be c o n fu sed
w ith  a m uonic Mg -  l i n e  a t  297 keV. Some Mg c o n ta m in a tio n  i s  due to
an in h e r e n t  adm ixture o f  1 -2 #  Mg found in  a l l  commonly u sed  A l. The t a r g e t  
d e f in in g  c o u n te r s  w ere wrapped in  A l f o i l  t o  h e lp  t r a n s p o r t  as much l i g h t  
from  th e  s c i n t i l l a n t s  to  th e  p h o to m u lt ip l ie r  tu b e s  as was p o s s i b l e .  Muons 
s to p p in g  in  c e r t a in  la y e r s  o f  t h i s  Al c o u ld  produce l o g i c  s ig n a l s  i d e n t i c a l
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t o  th o s e  from  muons sto p p ed  in  t h e  H^O t a r g e t .  In  a d d i t io n ,  th e r e  i s  a 
random background produced  by th e  A l cap on th e  d e t e c to r  and th e  A l p r e ­
a m p lif ie r  c a s e .
The d a ta  accu m u lated  in  t h e  1972 g a te d  run had th e  b e s t  s ig n a l  
to  n o is e  r a t io  o b se r v ed  in  t h e  v a r io u s  r u n s , b u t showed no in d ic a t io n  o f  
a peak in  th e  r e g io n  o f  297 keV . The background l e v e l  le a d s  t o  th e  con­
c lu s io n  t h a t
X < 9 0 /s e c
F. P o s s ib le  S ou rces  o f  E rror in  D ata A n a ly s is
1 .  S to p p in g  D is t r ib u t io n  o f  Beam
The s to p p in g  d i s t r i b u t io n  o f  t h e  muons in  th e  t a r g e t  was n ot  
u n iform . H owever, th e  r a d io a c t iv e  n u c l id e s  o f  th e  t a r g e t - s h a o e d  c a l ib r a ­
t io n  c o u r se s  (d e s c r ib e d  in  s e c t io n  IV , C, l )  u sed  t o  g e n e r a te  th e  d e t e c ­
to r  r e l a t i v e  e f f i c i e n c y  cu rv es  w ere d is t r ib u t e d  e v e n ly  th rou gh ou t th e  
t a r g e t  volum e. Thus th e  ta r g e t - s h a p e d  c a l ib r a t io n  so u r c e s  s im u la te d  a 
uniform  s to p p in g  d i s t r i b u t io n .  The d i f f e r e n c e  in  s to p p in g  d i s t r ib u t io n  
w i l l  c o n tr ib u te  t o  a d i f f e r e n c e  in  th e  average  s e l f - a b s o m t io n  o f  th e  
r a d ia t io n .
There a r e  two d i f f e r e n t  ty u e s  o f  n o n u n ifo rm ity  in  th e  s to p p in g  
d i s t r ib u t io n  t o  be c o n s id e r e d . F i r s t  th e r e  i s  a nonuniform  s to p p in g  d i s ­
t r ib u t io n  in  th e  beam d ir e c t io n  (z  a x i s ) .  The secon d  n o n u n ifo r m ity  was 
in  th e  manner in  w hich th e  t a r g e t  was i l lu m in a te d  in  th e  x -y  p la n e .
For t h e  n o n u n ifo r m ity  in  th e  z d ir e c t io n  a G aussian  s to p p in g  d i s ­
t r ib u t io n  was assum ed in  th e  c a s e  o f  th e  s to p p in g  muons. A com puter program
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was w r it t e n  t o  determ in e th e  d i f f e r e n c e  in  th e  average  s e l f - a b s o r p t io n  o f  
th e  y -r a y s  fo r  th e  two s to o p in g  d i s t r ib u t io n s  (u n iform  and G a u ssia n ). The
geom etry  o f  th e  1971 run was assum ed, s in c e  t h i s  geom etry  had th e  g r e a t e s t
2 2 t a r g e t  t h ic k n e s s  (5  g/cm  ) .  The backward muon beam had a FWHM o f  2 .5  g/cm  .
2k —  _
A tte n u a tio n  c o e f f i c i e n t s  fo r  120 keV y -r a y  (0  ->-2 t r a n s i t io n )  and th e
277 keV y -r a y  ( l  0 t r a n s i t i o n )  w ere u sed  in  th e  a n a ly s i s .
The r e s u l t s  showed a 2% d e c r e a se  in  th e  average  tr a n sm iss io n  o f  
120 keV r a d ia t io n  e m itte d  from th e  t a r g e t  volum e i f  a G aussian  sto p p in g  
d i s t r i b u t io n  i s  assumed in s t e a d  o f  a u n iform  s to p p in g  d i s t r ib u t io n .  The 
same e f f e c t  a t  277 keV showed o n ly  a 1% d e c r e a se  in  a v erage  tr a n s m is s io n .  
T h is  c o r r e c t io n  was ta k en  in to  account in  c a lc u la t in g  th e  r a t e s ;  however
a la r g e  u n c e r ta in ty  ( 50%) had to  be a t ta c h e d  t o  t h i s  c o r r e c t io n  s in c e  th e
c e n tr o id  o f  th e  G aussian  was n o t known t o  w ith in  1 /2 " .
The e f f e c t s  o f  th e  nonuniform  s to o p in g  d i s t r ib u t io n  in  th e  x -y  
p la n e  p roved  t o  be o f  much l e s s  im p o r ta n c e , s in c e  th e  m ost in te n s e  p a r t  o f
th e  beam was c e n te r e d  on a 6" x  V  o v a l  w h ich  co v ered  m ost o f  th e  t a r g e t
s u r fa c e .  A gain  a computer s im u la t io n  o f  t h i s  nonuniform  sto p p in g  d i s t r i ­
b u t io n  was made. The r e s u l t s  showed t h a t  th e  a v erage  s e l f  a b so r p tio n  was
n o t a f f e c t e d  by more th a n  .5 % a t  120 keV , g iv e n  e i t h e r  th e  uniform  o r  non-
u n iform  d i s t r i b u t io n .
2 . N eutron Induced Background
A f a s t  neu tron  can produce th e  fo l lo w in g  r e a c t io n  in  H^O:
i 6 rt / \ i 6.t0 (n ,p )  N
1 Q
w ith  a th r e s h o ld  en ergy  above 1 0 .2  MeV. S tu d ie s  o f  n eu tro n s e m itte d  when
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16 19muons s to p  m  0 have shown t h a t  t h e  p r o b a b i l i t y  o f  o r o d u c in g  a neu tron
_3
w ith  an en erg y  g r e a te r  than  10  MeV i s  o f  th e  ord er  o f  10 n eu tro n s  n er
stop p ed  muon. The c r o s s  s e c t io n  fo r  prod u cin g  by th e  above m en tioned
1 8charge exchange r e a c t io n  i s  such t h a t  th e  o v e r a l l  p r o b a b i l i t y  o f  prod u c­
in g  an s t a t e  p e r  muon sto p p ed  i s  l e s s  than one p a r t  in  10^ .
A nother so u r c e  o f  n eu tro n s w hich c o u ld  produce v ia  th e  same
charge exchange p r o c e s s  i s  p io n  co n ta m in a tio n  in  th e  backward muon beam.
20S tu d ie s  have been  made o f  th e  l e v e l  o f  o io n  co n ta m in a tio n  by lo o k in g  fo r  
" sta r s"  as t h e  beam was brought t o  r e s t  in  a la r g e  volum e o f  s c i n t i l l a n t .  
A lthough  no p io n s  w ere o b se r v e d , th e  r e s u l t s  w ere n ot in c o n s i s t e n t  w ith  an
_3
upper l i m i t  o f  10 p io n s  p er  muon s to p p e d . The average  number o f  n eu tro n s
X 6 21e m itte d  p er  p io n  c a p tu r e  on 0 i s  2 . J J .  T h is n eu tro n  m u l t i p l i c i t y  from
tt c a p tu re  t o g e t h e r  w ith  th e  maximum number o f  n io n s  n e r  sto p p ed  muon shows
16th a t th e  number o f  N n u c le i produced by tt capture i s  a ls o  o f  th e  order  
5 16o f  10  N n u c le i  produced  p er  stop p ed  muon.
A ta r g e t -e m p ty  background run d id  n o t show any e v id e n c e  o f  a 
peak in  t h e  v i c i n i t y  o f  120  keV. T h is f a c t  w ould le n d  cred en ce  t o  th e  
c o n c lu s io n  t h a t  t h e r e  w ere no o th e r  random background so u r c e s  o f  n eu tro n s  
w hich  w ould i n t e r f e r e  w ith  th e  m easurem ent o f  t h e  120  keV y i e l d .
3 . P o s s ib le  A ngular C o r r e la t io n  E f f e c t s
S in c e  th e  f i r s t  e x c i t e d  s t a t e  in  has zero  an g u la r  momentum, 
t h e r e  can be no a n g u la r  c o r r e la t io n  betw een  th e  277 keV y -r a y  and a sub­
seq u en t 120  keV y -r a y  produced  in  th e  c a sc a d e .
A so u r c e  o f  e r r o r  c o u ld  a r is e  from a n g u la r  c o r r e la t io n  e f f e c t s  
betw een t h e  s p in  o f  th e  i n i t i a l  muon and some r e s id u a l  p o la r iz a t io n  o f  th e
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s t a t e .  The problem  i s  a s f o l l o w s .  The "backward" muons are p o la r iz e d  
w ith  t h e i r  sp in  d ir e c t io n  o r ie n t e d  a n t ip a r a l l e l  t o  t h e i r  v e l o c i t y .  When 
a muon has a to m ic a lly  cau tu red  on "*"^ 0 and has cascad ed  to  th e  I s  s t a t e ,  i t  
s t i l l  has a g r e a te r  th an  random p r o b a b i l i t y  th a t  i t s  sp in  d ir e c t io n  w i l l  
b e th e  same as th e  i n i t i a l  p o la r iz a t io n  d i r e c t io n .  The r e s id u a l  p o la r iz a ­
t io n  in  th e  I s  s t a t e ,  R i s  g iv e n  by
R = Py PD
where i s  th e  p e r c en ta g e  o f  t h e  i n i t i a l  beam w hich i s  p o la r iz e d ,  and
i s  th e  e x p e r im e n ta lly  d eterm in ed  f a c t o r  w hich  e x p r e s s e s  th e  e x te n t  t o
w hich th e  muon has been d e p o la r iz e d  in  t h e  ca sca d e  p r o c e s s .  E x p e r im e n ta lly
22P^ = .7 5  and P^ = ,0U . T h e r e fo r e  o n ly  3% o f  a l l  s to p s  can g iv e  r i s e  t o  
an gu lar  c o r r e la t io n  e f f e c t s  b etw een  t h e  r e s id u a l  sp in  d ir e c t io n  o f  th e  muon 
in  th e  I s  s t a t e  in  ^ 0  and th e  p o s s ib l e  sp in  p o la r iz a t io n  o f  th e  r e s id u a l  
n u c le u s  produced a f t e r  muon c a p tu r e .
Such n u c le a r  p o la r iz a t io n  o f  th e  r e s id u a l  n u c le u s  a f t e r  muon
12 23 ca p tu re  in  C was e x p lo r e d  by L ove , e t  a l . They lo o k e d  fo r  an a n is o -
12t r o p ic  d i s t r ib u t io n  o f  e le c t r o n s  in  th e  6 decay o f  B . The d e v ia t io n
found from an i s o t r o p ic  d i s t r ib u t io n  was c o n s is t e n t  w ith  z e r o . However,
t h i s  r e s u l t  i s  n o t  c o n c lu s iv e  e v id e n c e  fo r  th e  ab sen ce o f  such  r e s id u a l
p o la r iz a t io n .  I t  i s  p o s s ib le  t h a t  t h e  r e c o i l  n u c le a r  p o la r iz a t io n  was
l o s t  due t o  a h y p e r f in e  in t e r a c t io n  o f  th e  n u c le u s  and th e  sp in  o f  an un -
12p a ir e d  e le c t r o n .  S in c e  th e  h a l f - l i f e  o f  B i s  a p p ro x im a te ly  20 m sec , t h i s  
i s  one p o s s ib le  e x p la n a t io n .
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By an a logy  th e  e f f e c t  m en tion ed  above sh o u ld  be much sm a lle r  in
muon ca p tu re  on ^ 0 ,  s in c e  has a 7*13 s e c  h a l f - l i f e  and th e  sp in  o f
25th e  n u c le u s  i s  tw ic e  as la r g e .
The d e p o la r iz a t io n  o f  th e  N n u c le u s  w ould r e s u l t  in  an i s o ­
t r o p ic  d i s t r ib u t io n  o f  6 .1 3  MeV y -r a y  su b seq u en t t o  3 -d e c a y . T h is does 
n o t r u le  o u t t h e  p o s s i b i l i t y  t h a t  th e r e  may be some an g u la r  c o r r e la t io n  
betw een  th e  p o s s ib le  r e s id u a l  p o la r iz a t io n  o f  th e  n u c le u s  and th e  su b -  
seq u en t y -r a y  t r a n s i t io n s  in  N. T h is p o s s i b i l i t y  has been  ta k en  in to  
accou n t in  th e  u n c e r ta in ty  a s s ig n e d  t o  th e  a rea  under th e  277 keV ( l  -  0 ) 
y - r a y .
16G. T o ta l Capture Rate to  Bound S t a te s  o f  N
When a muon i s  absorbed  by an "^0 n u c le u s ,  i t  d e p o s i t s  105 MeV 
r e s t  en ergy  in  t h e  N n u c le u s . Most o f  t h i s  en ergy  i s  c a r r ie d  away by  
,th e  n e u tr in o  in  th e  r e a c t io n
16  ^ -  l 6  *0 + y -> N + v
V
15 *-*■ N + n + V
y
l 6  * 33
The N produced  i s  p a r t ic l e - u n s t a b le  8 8 .8 $  o f  th e  t im e , w h ile  1 1 .1 $  o f
th e  t im e  th e  muon c a p tu r es  t o  bound s t a t e s  in  1 ^N. A l l  c a p tu r es  to  e x c i t e d  
bound s t a t e s  in  w i l l  e v e n tu a lly  le a d  to  th e  ground s t a t e ,  w hich decays  
t o  ^ 0  w ith  T^y^ = 7 -1 3  s e c . ^  Of t h e s e  d ecays to  ^ 0  , (68  +_ 2 ) $ ^  p r o ­
duce a 6 .1 3  MeV y - r a y ,  whose i n t e n s i t y  can b e  u sed  t o  m easure th e  number
o f  "^N atoms p rod u ced , th u s g iv in g  th e  t o t a l  ca p tu re  r a te  t o  a l l  bound
s t a t e s  in  ^ N .
To perform  t h i s  p a r t  o f  th e  e x p er im en t, a la r g e  (75 cm ) tr u e  
c o a x ia l  G e(L i) d e t e c t o r  was u se d . The d e te c to r  s ig n a l  was fe d  to  an un­
g a te d  K ic k so r t  k096  ch an n el a n a ly z e r . G reat care  was ta k en  t o  s e l e c t  a  
g a in  and s lo p e  in t e r c e p t  s e t t i n g  w hich  a llo w ed  s im u lta n eo u s  a ccu m u la tio n
o f  th e  133 keV 0 and t h e  6 .1 3  MeV y - r a y .  In ord er  t o  in s u r e  a g a in s t
16th e  l o s s  (due t o  e l e c t r o n i c s )  o f  low  en ergy  e v e n ts  ( O K ) ,  s e v e r a l  s p e c -06
75t r a  were accum u lated  a t  v a r io u s  g a in  s e t t i n g s . A Se so u r c e  was u sed  to
accum ulate t h r e e  d i f f e r e n t  s p e c tr a  a t  co a r se  g a in  s e t t in g s  o f  1 0 ,  2 0 , and
755 0 , r e s p e c t iv e l y .  The a r e a  o f  t h e  136  keV Se l i n e  was o b se r v ed  f o r  8
min " liv e "  t im e  a c c u m u la tio n . The a rea  o f  t h i s  peak was o b se r v e d  t o  change
n ot more th an  1.3% o v e r  th e  range o f  th e  th r e e  g a in  s e t t i n g s .  T h is u r o -
c e s s  was r e p e a te d  t h r e e  t im e s  th rou gh ou t th e  co u rse  o f  th e  e x p e r im en t.
No o b se r v a b le  change was n o te d . I f  low  energy  e v e n ts  were in d e e d  b e in g
l o s t ,  th e n  th e  a r e a  o f  t h e  136 keV y -r a y  ob served  a t a g a in  s e t t i n g  o f  50
would have b een  a p p r e c ia b ly  la r g e r  th an  th a t  accum ulated  a t  a g a in  s e t t in g
o f  1 0 . T hus, ru n n in g  a t  a g a in  s e t t i n g  o f  10 gave c o n f id e n c e  in  th e
1 ^
m easurem ents o f  t h e  a r e a  o f  th e  0 x - r a y .
T here w ere 1 3 ,0 7 2  +_ 915  cou n ts  in  th e  area  o f  t h e  6 .1 3  MeV y -r a y  
from ^ 0  . T h is  r e p r e s e n t s  (6 8  +_2)% o f  a l l  8 d e c a y s . There w ere  
1 0 ,2 5 1 ,6 9 7  +. 3 0 0 ,0 0 0  co u n ts  in  th e  "^0 K p eak . A r e l a t i v e  e f f i c i e n c y  
curve was g e n e r a te d  u s in g  r a d io a c t iv e  so u r c es  d is s o lv e d  in  w a te r  t a r g e t s  
w hich had t h e  same p h y s ic a l  d im en sio n s as th e  w ater  t a r g e t  u se d . The
so u rces  u se d , e n e r g ie s ,  and b ra n ch in g  r a t io s  are l i s t e d  in  T ab le  I I I .  The
56 27 28 ^Co d a ta  and th e  d a ta  o b ta in e d  from A l ( p ,y )  S i r e a c t io n  had t o  be
c o r r e c te d  f o r  th e  f a c t  t h a t  t h e s e  p o in t s  d id  not in c lu d e  any e f f e c t s  due
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t o  s e l f - a b s o r p t io n  o f  th e  y -r a y s  in  th e  w a ter  t a r g e t .  The d a ta  p o in t s ,
h a v in g  b een  c o r r e c te d  fo r  s e l f - a b s o r p t io n  e f f e c t s ,  w ere f i t  t o  th e  
27fu n c t io n
y  = A x EB
where E i s  th e  en ergy  and y  i s  th e  r e l a t i v e  e f f i c i e n c y .  A and B are f r e e
param eters f i t  by a l e a s t  sq u ares f i t t i n g  t e c h n iq u e . The b e s t  f i t  y ie ld e d
a r e s u l t  o f
A = 0.2U 52 + 0 .0 0 1 9
B = -O .767  + O.OlU
These numbers gave a r e l a t i v e  e f f i c i e n c y  r a t i o  b etw een  133 keV (B^0 K )a
and 6 .1 3  MeV o f  1 7 -8 5  + .5 3 .
T hese r e s u l t s  im ply  a t o t a l  c a p tu r e  r a te  t o  a l l  bound s t a t e s  in
l 6 N o f
N , x  RE
X = 6 -13 x
B Na x  B .R . y 
o
where
A = th e  r a te  o f  t o t a l  number o f  d ir e c t  c a p tu r e s  to  a l l  bound
s t a t e s  in
Ng ^2 = a r e a  o f  th e  6 .1 3  MeV y -r a y  peak from th e  decay o f  th e
3 s t a t e  in  "*"^ 0 o b s e r v e d ,
N = th e  number o f  K x -r a y s  o b se r v e d  d iv id e d  by th e  y i e l d  o f
o  Ct
0 .5 9 ,
RE = th e  r e l a t i v e  e f f i c i e n c y  r a t i o  b etw een  133 keV and 6 .1 3  MeV, 
B .R . = f r a c t io n  o f  N n u c le i  w hich 3” decay  t o  th e  6 .1 3  MeV 
l e v e l  in
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X  ^ = muon d isa p p ea ra n ce  r a te  in  0 .
I n s e r t in g  a l l  o f  th e  m easured q u a n t i t i e s  o b serv ed  one o b ta in s
X^ , = ( 1 0 .9  + 1 .3 )  x 10 ^ / s e c .13 —
V. R e s u lts  and C o n clu sion s
A w e ig h ted  average  o f  t h e  p a r t ia l  cap tu re  r a t e s  to  bound s t a t e s  
in  "^N y i e l d s  th e  fo l lo w in g  r e s u l t s :
X1 = ( 1 .3 1  + 0 .1 0 )  x 1 0 3/ s e c
X° = ( 1 .5 6  + 0 .1 8 )  x  1 0 3/ s e c
X2 = ( 8 .0 2  +_ 0 .6 1 )  x  1 0 3/ s e c
X3 < .0 9  x 103/ s e c
■% BOUND M n n j - T  "i /
TOT = 1^ 0 ,9  — 1 *3  ^ x  10 / se c
T able IV shows a summary o f  t h e  ex p e r im en ta l r e s u l t s  and t h e o r -
16e t i c a l  p r e d ic t io n s  o f  r a t e s  t o  bound s t a t e s  in  N. The e x p e r im e n ta l d a ta
28 29  ( l ) ,  (2 )  and (3)  r e f e r  t o  th e  work o f  D eutsch  e t  a l . ,  and Cohen e t  a l . ,
30and A stbury e t  a l ■, r e s p e c t iv e l y .
6 T 8The t h e o r e t i c a l  r a t e s  b a se d  on ( e , e f ) * * s c a t t e r in g  d a ta  are  
th o s e  w hich u sed  RPA as a s t a r t in g  p o in t .  I t  sh o u ld  b e  n o ted  t h a t  a lth o u g h  
th e  r a te s  t o  th e  1 , 2 ,  and 3 s t a t e s ,  p r e d ic te d  by t h i s  t h e o r y ,  a r e  b a sed  
on ex p e r im en ta l d a t a ,  th e  p aram eters £ and a  u sed  fo r  a c a lc u la t io n  o f  th e  
p a r t ia l  ca p tu re  r a te  t o  th e  0~ s t a t e  can n ot be d i r e c t ly  d eterm in ed  by  
( e , e ' )  d a ta . N e v e r t h e le s s ,  th e  v a lu e s  w ere assumed t o  behave s im i la r ly  
t o  th o se  fo r  th e  o th e r  th r e e  s t a t e s .  The o n ly  j u s t i f i c a t i o n  fo r  t h i s
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assu m p tion  l i e s  in  th e  f a c t  t h a t  t h i s  n roced u re y i e l d s  an " a ccep ta b le"  
v a lu e  fo r  th e  0 cap tu re  r a t e .  H owever, in  t h i s  c a se  an a c c e p ta b le  v a lu e
means agreem ent w ith  o n ly  some o f  th e  e x p e r im en ta l r a te s  m easured. In
t h o s e  c a s e s  where th e  e x p er im en ta l r a t e s  agree  w ith  ( e , e ' )  d a ta  fo r  th e  0 -
r a t e ,  th e y  do not agree  in  th e  c a se  o f  th e  1 r a t e .
The r e s u l t s  o f  F u j i i  e t  a l are  a l s o  shown in  T able IV. These  
r e s u l t s  w ere o b ta in e d  by a s tr a ig h t fo r w a r d  c a lc u la t io n  o f  th e  r a te s  u s in g  
RPA as th e  n u c le a r  m odel. In  a l l  c a s e s  th e  r a t e s  c a lc u la t e d  were ap p ro x i­
m a te ly  tw ic e  th o s e  g e n e r a te d  by ( e , e ' )  d a ta . The r a te  t o  th e  2 s t a t e  
o r i g i n a l l y  c a lc u la t e d  was 1 3 . 6  x 10 / s e c .  However, t h i s  r a te  ex ceed s  th e  
t o t a l  c a p tu r e  r a te  to  a l l  bound s t a t e s  in  ^ N .  The s o lu t io n  u sed  t o  remedy 
t h i s  d isc r e p a n c y  betw een th e o r y  and ex p er im en t was to  n o rm a lize  th e  t h e o r e t ­
i c a l  v a lu e  o f  th e  cap tu re  r a te  to  th e  2 s t a t e  by th e  e x p er im en ta l 6 decay  
r a te  o f  ^ N .  The e x p er im en ta l 6 d eca y  r a t e  is^
W™* = ( 2 . 9 5  + . 7 )  x  1 0 “2 / s e c  
The c a lc u la t e d  B decay  r a te  u s in g  RPA as a m odel is'*'
= U.23 x 1 0 _2 / s e c
I f  one n o r m a liz es  th e  c a lc u la t e d  muon c a p tu re  r a te  by th e  B d ecay  r a te  in  
th e  fo l lo w in g  manner,
W™*
W = _ § _  WCAL
y WCAL y 
B
th e n  one g e t s  th e  r e s u l t s  shown in  th e  RPA column o f  T ab le  IV . No o th e r
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r a te s  are  a d ju s te d  in  t h i s  manner. The p a r t i a l  ca p tu re  r a te  t o  th e  1 
s t a t e ,  as c a lc u la t e d  u s in g  th e  RPA m odel, i s  much la r g e r  th an  any o f  th e  
e x p e r im en ta l r e s u l t s .  A lthough t h i s  f a c t  i s  n o te d  by F u j i i  e t  a l . ,  no 
t h e o r e t i c a l  or e x p e r im e n ta l e x p la n a tio n  i s  o f f e r e d  t o  accou n t fo r  t h i s  
d is c r e p a n c y .
I t  i s  in d e e d  u n fo r tu n a te  th a t  a ca p tu re  r a te  t o  th e  0~ s t a t e  
cannot be d i r e c t l y  o b ta in e d  from th e  ( e , e ' )  d a ta , s in c e  t h i s  r a te  i s  th e  
m ost s e n s i t i v e  to  th e  in d u ced  p s e u d o s c a le r  c o u p lin g  c o n s ta n t . F igu re  15  
shows a p lo t  o f  A  ^ v e r su s  G /G  fo r  a RPA m odel wave fu n c t io n  g e n e r a te d  
by F u j i i  e t  a l . No such  p lo t  i s  a v a i la b le  f o r  th e  m o d if ie d  RPA d a ta .
The v a lu e  fo r  G /G p r e d ic te d  by th e  G oldberger-T reim an r e la t io n ^  i s  
G?/Ga = 8 . From F ig .  15 th e  d a ta  p r e s e n te d  in  t h i s  paper in d ic a t e
1  Gp /GA < 9 .2
The t o t a l  cp a tu re  r a te  t o  a l l  bound s t a t e s  in  N has been  m easured  
29by Cohen e t  a l . u s in g  a Nal d e t e c t o r  to  r e c o r d  th e  6 .1 3  MeV y -r a y  p r o ­
duced su b seq u en t t o  th e  "^N 8 d eca y . The r e s u l t  i s  shown in  T able IV.
28D eu tsch  e t  a l . ,  on t h e  o th e r  hand, lo o k e d  fo r  th e  e from th e  8 decay  
i t s e l f .  T h eir  r e s u l t s  a re  a l s o  shown in  T ab le IV . The p r e s e n t  r e s u l t s  
are  in  agreem ent w ith  b o th  m easurem ents fo r  th e  t o t a l  ca p tu re  r a t e .
The r e s u l t s  p r e s e n te d  in  t h i s  paper a g ree  w ith  a l l  o f  th e  r e s u l t s
o f  A stb u ry  e t  a l ■, b u t d is a g r e e  w ith  th e  r a t e s  A^  and A  ^ ( to  th e  1 and
■" 29 280 s t a t e s  r e s p e c t iv e l y )  a s determ in ed  by Cohen e t  a l . and D eu tsch  e t  a l .
There a r e ,  how ever, s e v e r a l  r e a so n s  fo r  h a v in g  c o n f id e n c e  in  t h e  r e s u l t s
p r e s e n te d  h e r e . F i r s t ,  th e  sy stem  r e s o lu t io n s  fo r  th e  Y -ray d e t e c t o r s  u sed  
in  t h i s  exp erim en t w ere fa r  s u p e r io r .  Thus th e  o o s s i b i l i t y  o f  contam ina­
t i o n  peaks in t e r f e r in g  w ith  th e  o b s e r v a t io n  o f  th e  y -r a y s  o f  i n t e r e s t  was 
e s s e n t i a l l y  e l im in a t e d . S eco n d , in  t h i s  work fo u r  indep en d en t m easurem ents  
w ith  d i f f e r e n t  d e t e c t o r  sy stem s w ere p erform ed , a l l  y i e ld in g  c o n s is t a n t  
r e s u l t s .  For each  d e t e c t o r  s y s te m , b o th  g a te d  and ungated  y -r a y  s p e c tr a  
gave th e  same r e s u l t  f o r  X"*" . I t  i s  t o  be fu r th e r  em phasized  t h a t  th e  
u n gated  mode o f  a ccu m u la tion  i s  t h e  s im p le s t  p o s s ib l e ,  and th a t  e a r l i e r  
exp er im en ts  may have been  in  e r r o r  in  th e  method o f  a n a ly s is  o f  th e  g a ted  
s p e c tr a .
I f  improvement in  t h e  r e s u l t s  o b ta in e d  in  t h i s  exp erim en t i s  to  
be sought through  th e  u se  o f  a h ig h e r  i n t e n s i t y  beam, th e  f o l lo w in g  p r o ­
ced u res  are recommended. F i r s t ,  t h e  u n gated  mode o f  a ccu m u la tion  i s  
s t r o n g ly  to  be p r e fe r r e d . S econ d , t h e  y -r a y  d e t e c t io n  system  r e s o lu t io n  
sh o u ld  be < 600 eV a t  120 keV under beam -on c o n d i t io n s .  We do n ot s e e  any 
o th e r  o b v io u s  im provem ents t o  th e  e x p e r im e n ta l tec h n iq u e  u sed  h e r e ,  b e ­
yond th e  accu m u la tion  o f  s u f f i c i e n t  d a ta  t o  p r o v id e  y i e l d s  s t a t i s t i c a l l y  
a c c u r a te  t o  < 3%,  a t  w hich  a ccu ra cy  b o th  s y s te m a t ic  ex p e r im en ta l u n cer ­
t a i n t i e s  and t h e o r e t i c a l  prob lem s w ould l i m i t  t h e  u s e fu ln e s s  o f  fu r th e r  
accu m u la tion  o f  d a ta .
V I. A opendix
A. Tamm-Dancoff A pproxim ation (TDA)
One can c o n s tr u c t  a p a r t i e l e - h o l e - p a i r  c r e a t io n  o p e r a to r  
+ + +
V  - aa V (1>
•f
where b^ d e s tr o y s  a p a r t i c l e ,  th a t  i s ,  c r e a t e s  a h o le  w ith  quantum num-
ib e r s  d en oted  by 3 ,and a i s  an o p e r a to r  w h ich  c r e a t e s  a p a r t i c l e  w ith
•f
quantum numbers d en oted  by a . Thus th e  o p e r a to r  rem oves a p a r t i c l e
from one o f  t h e  f i l l e d  s t a t e s  and r a i s e s  i t  t o  an e x c i t e d  s t a t e .  The 
d agger in d ic a t e s  th a t  th e  o p e r a to r  shown i s  a c r e a t io n  o p e r a to r . The la c k  
o f  a dagger  in d ic a t e s  a d e s tr u c t io n  o p e r a to r .
One c o n s id e r s ,  f i r s t ,  th e  n u c le a r  ground s t a t e  o f  0 to  be o n ly  
a c lo s e d  P - s h e l l .  An e x c i t e d  s t a t e  can be aop roxim ated  by a l in e a r  com­
b in a t io n  o f  s in g le  o n e - p a r t ic le  o n e -h o le  s t a t e s  g iv e n  by
I V  -  J  ♦ * '  V  V  ( 2)
where | 0> r e p r e s e n ts  th e  ground s t a t e  o f  ^ 0 .  The n o r m a liz a t io n  c o n d it io n  
i s
E = 1 (3)
aB a3 aB
In t h i s  app rox im ation  o n ly  a s in g le  o n e - p a r t ic le - o n e - h o le  c o n f ig u r a t io n  can  
e x i s t  a t  any g iv e n  t im e . T h is m ethod o f  c o n s tr u c t in g  a n u c le a r  wave fu n c t io n
1*1
k2
i s  known as th e  Tamm-Dancoff A p proxim ation . In  s e c t io n  B o f  t h i s  append ix  
we c o n s id e r  th e  Random Phase A pproxim ation  (RPA) in  w h ich  one can c o n s id e r  
wave fu n c t io n s  c o n s tr u c te d  from m a n y -p a r tic le -m a n y -h o le  c o n f ig u r a t io n s .
and where {a }  = {n , 1 , j  } and m. and m_ la b e l  th e  t h ir d  comoonent o f
a a a j  T
a n g u la r  momentum and i s o s p in  r e s n e c t i v e l y . n i s  th e  p r in c ip a l  quantum  
number, 1 i s  th e  o r b i t a l  a n g u la r  momentum, j i s  th e  t o t a l  an g u la r  momen­
tum , and V i s  th e  two n u c le o n  p o t e n t i a l  as determ in ed  by n u c le o n -n u c le o n  
s c a t t e r in g  e x p e r im e n ts .
o f  any t e n s o r  o o e r a to r ,  such  as w ould o c c u r  in  a m u lt ip o le  e x p a n s io n , i s  
g iv e n  by a l i n e a r  com b in a tion  o f  s i n g l e - p a r t i c l e  m a tr ix  e le m e n ts  as
( n )The problem  now i s  t o  f in d  th e  q u a n t i t i e s  o f  Eq. 2 . By
e v a lu a t in g  th e  q u a n t ity
(fc)
we g e t  th e  e q u a tio n s
(5 )
where
v a 6 , A y  = -  < A 3 | v | a y > ]
and
a = { n , 1 ,  1 / 2 ,  j ,  nij ; 1 / 2 ,  m ,^} 
= { a ;  nij , n^}
As was m en tion ed  in  S e c t io n  I I I , th e  t r a n s i t i o n  m a tr ix  e lem en t
1+3
<4'( n ) | | T J T | | 0 >  = Z < a | | T J T| | b>  ^  (ab)  
ab
A
where < a ||T j^ ,||b >  are  th e  a m p litu d es  a s s o c ia t e d  w ith  th e  s in g le  p a r t i c l e  
t r a n s i t i o n ,  and J and T a r e  t h e  t o t a l  an gu lar  momentum and i s o s p in  d e r iv e d  
from th e  c o u p lin g  o f  th e  a and 3 in v o lv e d . The n o ta t io n  | |  in d ic a t e s  a 
reduced  m a tr ix  e lem en t w ith  r e s p e c t  t o  b o th  i s o s p in  and an g u la r  momentum.
Now Eq. 5 can be r e w r it t e n  w ith  r e s p e c t  t o  s t a t e s  o f  d e f i n i t e  
t o t a l  a n gu lar  momentum and d e f i n i t e  t o t a l  i s o s p in  as:
{ ' E0 + <Ea + eb ) ]  -  V  t l ? ’ <■*> V  v ab;lra ^  ( l “ > = 0 (6 )lm ’
where th e  p a r t i c l e - h o l e  s t a t e s  are  now la b e le d  by ( a b ) ,  ( l m ) ,  e t c .  and th e  
p a r t i c l e - h o l e  in t e r a c t io n  in  t h i s  r e p r e s e n ta t io n  i s  g iv e n  by th e  le n g th y  
e q u a tio n
1 1
n  „  ......................   K  J .  J,1 ( 2  2 t ’= -2  ( 2 J ’+ 1 ) ( 2 T I+1)
J ’Tab;lm  T, m, Jb  J 1 1 m— — TL 2 2
x  [ < l b J ’T’ I I v l | amJ'T'> -  ( - ! )1 ^2+1^2+T1 ( _ i / a
(7)
x < l b J 1T' | |v|  |m aJ'T '> ]
f-L J„ J ’
where m a 
Jb J1 J
e t c .  a r e  6 j  sy m b o ls .
T h e r e fo r e , on ce  one i s  g iv e n  a two p a r t i c l e  p o t e n t i a l ,  th e  
p a r t i c l e - h o l e  in t e r a c t io n  o f  Eq. 7 can be computed. D ia g o n a l iz a t io n  o f  
th e  s e c u la r  m a tr ix  (Eq.  U or 6)  y i e l d s  th e  e ig e n v a lu e s  and e x p a n sio n  c o e f ­
f i c i e n t s  from  w hich th e  wave fu n c t io n  c o e f f i c i e n t s  f o l lo w .  In  p r a c t i c e
th e  c o n f ig u r a t io n  e n e r g ie s  e , e a r e  u s u a l ly  ta k en  from n e ig h b o r in g  odd-
Q. D
even  n u c le i  and wave fu n c t io n s  approxim ated  by th o s e  o f  th e  harm onic o s ­
c i l l a t o r  wave f u n c t io n , and th e  o s c i l l a t o r  param eter may be determ in ed  by  
f i t t i n g  th e  g r o u n d -s ta te  charge d e n s i t y  w ith  th e  d e n s ity  d i s t r ib u t io n  ob­
t a in e d  by e l a s t i c  e le c t r o n  s c a t t e r i n g  d a ta .
B. Random Phase A pproxim ation (RPA)
F i r s t ,  th e  ground s t a t e  as w e l l  as th e  e x c i t e d  s t a t e s  may have c o n tr ib u ­
t io n s  from p a r t i c l e - h o l e  s t a t e s  above th e  Fermi l e v e l .  S e c o n d ly , th e  wave 
f u n c t io n s  r e p r e s e n t in g  th e  v a r io u s  s t a t e s  can have c o n tr ib u t io n s  from  
s e v e r a l  p a r t i c l e - h o l e s  e x i s t i n g  s im u lta n e o u s ly . Thus an a p p ro p r ia te  
wave fu n c t io n  can be w r it t e n  as
am p litu d e  f o r  d e s tr o y in g  a p a r t i c l e  above th e  Fermi l e v e l  and d e s tr o y in g
s e c u la r  m a tr ix  f o l lo w  j u s t  as in  th e  c a se  o f  th e  TDA c a s e .  The method fo r
Random Phase A pproxim ation  d i f f e r s  from TDA in  s e v e r a l  w ays.
|V > = [ E 
n otB ( 8 )
where |^  > i s  th e  ground s t a t e  (n o t n e c e s s a r i ly  c lo s e d  p - s h e l l ) ,  and 4>
a h o le  ( c r e a t in g  a p a r t i c l e )  a t some lo w er  e n e r g y . The ground s t a t e  and 
th e  e x c i t e d  s t a t e  h ow ever, n ev e r  d i f f e r  (we assum e) by more th an  th e  ap­
p l i c a t i o n  o f  a s in g le  p a r t i c l e - h o l e  o p e r a to r .
Once th e  form f o r  I? > i s  assum ed, t h e  e q u a tio n  o f  m otion  and
k5
o b ta in in g  th e  wave fu n c tio n  in  RPA i s  in  p r in c in l e  th e  same as t h a t  employed 
in  TDA.
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Table I .  D e t e c t o r s  u se d .
D e te c to r  M anufacturer A c t iv e  Volume FWHM a t  122 keV Type 
Ortec 75 cm  ^ 2.1+ keV C o a x ia l
3
P r in c e to n  y  Tech 50 cm 2 .2  keV C o a x ia l
O
P r in c e to n  y Tech 20 cm 1.1+ keV C o a x ia l
2
O rtec 1 cm 0 .6 5  keV Planar-
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Table I I .  P u ls e  h e ig h t  a n a ly z e r s  u sed .
PHA No. o f  Channels Rundown Rate
V ic to r e e n  Sc ip p  1600 l6 0 0  1600
K ic k s o r t  1+096 20l*8
N u c le a r  D ata 102h 102k
K ic k s o r t  k096  1+096
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Table I I I .  R a d io a c t iv e  s o u r c e s  u sed  f o r  energy and e f f i c i e n c y  c a l i b r a t i o n s .
Source E n e r g ie s  (keV) R e l a t i v e  I n t e n s i t v R ef
?7
Al ( p , y ) S i  1779 
U739
2k l'Am
60Co
56Co
6020
7920
10759
26.348  + 0.010
59.543 + 0.015
1773.23  + 0.0k  
1332 . k9 + 0.04
846.741 + 0 . 0 2 5  
1037-84 + 0.05  
1175.085 + 0.070 
1238.290 + o .o 4o 
1360.219 + o .o 4o
1771.33 + 0 . 0 6
2015.33 + 0 . 0 7  
2034.90 + 0.06 
2598.53 + 0 . 0 6  
3202.18 + 0 . 0 7  
3253.61 + 0.06 
3273.16 + 0 . 0 7  
3451.29 + 0.10
3458 .3  + 0 .4
76
3
2
10
6
2.5 + 0.2* 
35.9 + 0 . 6 *
99.74 + 0.05* 
99.85  + 0 . 03*
100
12.8 + 0 . 3  
2.04 + 0.13 
69 • 5 + 1 .3  
4.30  + .13 
15.5  + 0.5  
2:93 + 0 . i 4 
7.43 + 0.26 
17.0 + 0.04  
3.22 + 0.12 
7.71 + 0.27
1.56 + 0.10
1.56 + 0.09 
0.17 + 0.01
(34)
(1 5 )
(15 )
(1 2 , 31 )
55
5TCo I k .  3k + 0 . 0U 9 .5 +
*
0 .3 (1 5 )
1 2 1 .9 7 + 0 .0 3 8 5 .0 + 1 . 7
1 3 6 .3 3 + 0 .0 3 1 1 .  1+ +
#
1 . 3
152,Eu 1 2 1 .7 8  + 0 .0 3  1 0 3 .7 0  + 3 .1 0  (3 2 )
151+,
2k b . 66 + 0 .0 3 27.91+ + 0 .8 0
295-97 + 0 .0 7 1 .6 3 + 0.11
3 k k . 3 l + 0 .0 3 100
367.80 + 0 .0 7 3 .23 + 0 .1 2
U l l .13 + 0 .0 5 7 .92 + 0 .2 7
1+1+3.98 + 0 .0 5 11 .75 + 0 .3 2
7 7 8 .8 7 + 0 .0 5 1+8.80 + 1 .1 0
8 6 7 .3 3 + 0 .0 5 1 5 .6 7 + 0 .3 8
961+. 01 + 0 .0 5 5U.53 + 1.1+5
1085 .83 + 0 .0 7
1+6.25 + 1 .1 0
1 0 8 9 .7 3 + 0 .0 7
1112.01+ + 0 .0 5 5 1 .2 8 + 1.1+0
11+08.02 + 0 .0 5 8 0 .7 8 + 2 .1 0
1 2 3 .1 0 + 0 .0 3 1 1 1 .3 2 + 3 .3 1
21+7-92 + 0 .0 3 1 9 .1 3 + 0 .5 2
1+1+1+.31+ + 0 .0 7 1 .6 0 + 0 .1 0
5 9 1 .7 1 + 0.01+ 1 I+.63 + 0 .3 3
692.1+2 + 0 .0 6 5 .1 5 + 0 .1 7
7 2 3 .2 7 + 0.01+ 5 9 .8 2 + 1.1+1
756 .82 + 0 .0 5 1 3 .0 3 + 0 . 3 °
8 7 3 .2 1 + 0 .0 5 35 -20 + 0 .9 0
Eu   .   -  (32 )
56
9 9 6 .3 0 + 0 .0 5 3 0 .2 0 + 0 .8 0
lOOh.78 + 0 .0 5 5 2 .8 0 + 1 .3 0
i 27U.lt 2 + 0 .0 5 100
1U9U.08 + 0 .0 7 1 .9 0 + 0 .1 0
1 5 9 6 .U5 + 0 .0 7 i t .95 + 0 .15
511.006 + 0 .0 0 2 1 7 9 .7 + 0 .8 *
1271+.55 + 0 . 0U 9 9 .9 5 +
*
0 .0 2
6 6 . 0U8 + 0.025 1 .7 7 + 0 .2 0
9 6 .7 3 2 + 0 .007 5.60 + 0 .5 0
121.113 + 0 .010 28.19 + 1 . 1*0
1 3 5 .9 9 8 + 0 .1 0 98.25 + 1+.6
198.600 + 0.020 2 .k 3 + 0 .1 2
26U.561 + 0.015 100
2 7 9 .5 2 5 + 0.012 1+3.22 + 2 .2
3 0 3 .895 + 0 .020 2 .3 1 + 0 .1 2
1+0 0 . 6U0 + 0.015 1 9 .5 6 + 1 .2
(15)
(12 )
*
These are  y ' s  p e r  d i s i n t e g r a t i o n .
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Table IV. Summary o f  r e s u l t s  and comparison t o  th e o r y  and 
p r e v io u s  e x p e r im e n t .
CAPTURE
RATES
EXPERIMENT
s e c ” *
THEORY ( e , e ‘) 
s e c ” *
THEORY (RPA) 
s e c ” 1
x "
THIS
1 3 0 9  ± 105  WORK 12 8 0 2 5 9 0
+ (1 7 0  + 185)
1 8 5 0  -  (170) ( | )
1 8 8 0  ± 1 0 0  (2)
. 1 4 0 0  ± 2 0 0  (3)
x ° -
THIS
1 5 5 7  ± 175  WORK 8 6 0 1 5 6 0
♦  ( 6 0 + 8 5 )
8 5 0  -  (6 0 )  (1)
1 1 0 0  ^  2 0 0  (2)
1 6 0 0  ± 2 0 0  (3)
X2 -
THIS
8 0 2 0  ± 1203 WORK 6 6 5 0 7 8 7 0
8 2 0 0  ± 6 6 0  (1)
6 3 0 0  ± 7 0 0  (2)
X3 -
THIS
< 9 0  WORK 5 4
< 8 0  (1)
NOT OBSERVED (2)
NOT OBSERVED (3)
X
TOT
THIS
1 0 9 0 0  ± 1 3 0 8  WORK
1 0 9 0 0  ± 7 0 0  ( I )
9 1 5 0  ± 7 0 0  (2)
F igu re  
Fi gure
F igu re
F igu re
F ig u r e
F igu re
F ig u re
F igu re
F ig u re
F igu re
F ig u r e
F igu re
F ig u r e
X. L i s t  o f  F ig u res
1 .  Energy l e v e l  diagram o f  b o u n d s ta te s  i n  N and some l e v e l s
i n  0 .
2 .  T y p ic a l  c o u n ter  a r r a y .  The p l a s t i c  s c i n t i l l a t i o n  c o u n te rs  
l a b e l e d  1 ,  2 ,  3 , 4 ,  5 have d im en sion s:  1 ,  2 -  8" x 8" x  1 /4 " ;  
3 -  10" x  5" x  1 /8 " ;  1+ -  12" x 12" x  1 /4 " ;  5 -  2" x  2" x 1 / 4 " .  
S h i e ld in g  i s  b o r a te d  CH .^
3 . Spectrum , accum ulated  by 1 cm d e t e c t o r ,  showing 1 2 0 .4  keV
l i n e  (0  -  2 t r a n s i t i o n ) .
O
4 .  R e l a t i v e  e f f i c i e n c y  curve f o r  50 cm d e t e c t o r .
3
5. R e l a t i v e  e f f i c i e n c y  curve f o r  75 cm d e t e c t o r .
6 .  R e l a t i v e  e f f i c i e n c y  curve f o r  20 cm d e t e c t o r .
3
7 . R e l a t i v e  e f f i c i e n c y  curve f o r  1 cm d e t e c t o r .
8 .  Diagram employed t o  c a l i b r a t e  (TAC).
9 "Fast" e l e c t r o n i c  l o g i c .  The u n i t s  l a b e l e d  D are  d i s c r im in a ­
t o r s  and t h o s e  l a b e l e d  C are  c o in c id e n c e  u n i t s .
1 0 .  "Slow" e l e c t r o n i c  l o g i c .  The u n i t s  l a b e l e d  D are  d i s c r im in a ­
t o r s  and t h o s e  l a b e l e d  C are  c o in c id e n c e  u n i t s .
1 1 .  Event a n a ly z e r .  Two d im e n s io n a l  a rra y  o f  en ergy  v e r s u s  t im e  
s e p a r a t io n  betw een a s to p  and a su b seq u en t  y - r a y .
1 2 .  Timing spectrum .
1 3 .  Time e v o l u t i o n  o f  t h e  277 keV ( s o l i d  l i n e  i s  t h e o r e t i c a l
p r e d i c t i o n )  y - r a y  t r a n s i t i o n  in  ^ N .  One u n i t  o f  t im e
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corresnond s t o  .539  y s e c .
16F igu re  l l+ . Time e v o lu t i o n  o f  t h e  120  keV y - r a y  t r a n s i t i o n  in  N. * One 
u n it  o f  t im e  co rresp o n d s  t o  .539 y s e c .  ( S o l i d  l i n e  i s  th e  
norm alized  t h e o r e t i c a l  c u r v e . )
F igure  1 5 .  P lo t  showing l i m i t i n g  v a lu e s  on Gp/G^ as determ ined  u s in g  
RPA as a n u c le a r  model and p r e s e n t  e x p e r im e n ta l  t r a n s i t i o n  
t o  th e  0 s t a t e .
3 9 7  keV
2 9 7  keV
T =5.25 a  sec  0 “120 keV
T=7.I3 sec
68%
6.13 MeV
16,
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